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Pervious concrete has many environmental benefits, but with these benefits come 
additional hurdles unseen in conventional concrete. The main focus of pervious concrete 
is the maintenance of the interconnected pore structure, leading to porosity values 
between 15 and 25%, while still developing adequate strength. Due to these inherent 
properties of pervious concrete, development of an optimum mix design is challenging. 
Currently, there is a need to develop an optimum mix design for pervious concrete, but it 
has yet to come through fruition. This research focuses on a sensitivity analysis of 
pervious concrete, and the results could be used to develop a systematic procedure to 
determine an optimum mix design for pervious concrete. 
This research is divided into two different phases. Phase 1 examined the 
properties of cement paste, independent of aggregate for a range of water-to-cement 
ratios. Phase 2 evaluated the variation of properties for different cement-to-aggregate 
ratios. Analysis for Phase 2 also included three different aggregate sources.  
Through analysis, the influence of paste viscosity, to develop adequate film 
thickness, became a major factor. The high flow of the 20% Fly Ash with 
Superplasticizer mixture developed very different trends to the much stiffer pastes used in 
the Control and Superplasticizer mixtures. Confirmation of film thickness contributing to 
these contradicting trends was determined through qualitative analysis. In terms of 
strength, the paste designs that possessed the higher flexural strength generally resulted in 
pervious concrete mixtures having higher compressive strength values. Through the 
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various aggregate sources tested, it was determined that aggregate source does influence 
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CHAPTER I: INTRODUCTION 
Pervious concrete is not a novel idea as it was first used in 1852 (Ghafoori and 
Dutta, 1995), but it has recently been taking large interest, partly because of federal clean 
water legislation (Tennis et al., 2004). Stormwater management and other environmental 
benefits are easily seen through the proper use of pervious concrete (Delatte et al, 2010). 
Its matrix is composed of intentionally interconnected voids (Chindaprasirt et al., 2008). 
Due to the high porosity, typically ranging from 15%-25%, water is allowed to infiltrate 
the pavement structure, leading to a reduction in stormwater run-off volume and proper 
recharge of the ground water table (Tennis et al, 2004). Pervious concrete, with its high 
albedo and low thermal mass, also has environmental benefits in terms of reducing the 
heat island effect (Delatte et al., 2010). Currently, pervious concrete is limited in 
application to public squares, footpaths, parking lots, and paths due to insufficient 
structural strength for higher traffic roadways (Yang and Jiang, 2002; Lian and Zhuge, 
2010). Mix design, aggregate properties, compaction method and energy, and placement 
technique are some controlling factors of the performance and properties of pervious 
concrete (Sueiman, 2006). The failure mechanism for pervious concrete typically lies 
within the cement paste interface between the aggregates, resulting in low compressive 
strength of the mix (Lian and Zhuge, 2010). Due to this failure mechanism, the 
performance of pervious concrete, created using quality aggregate, is largely influenced 
by the strength of the cement paste (Chindaprasirt, 2008). An optimal mix design and 
compaction method is still needed to create a high strength and durable pervious concrete 
(Chindaprasirt, 2008). Improvements in strength can be seen through the addition of fine 
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aggregate, supplementary cementitious materials, and superplasticizer (Wang et al., 2006; 
Yang and Jiang, 2003).  
Problem Statement and Research Significance 
An optimized mix design for pervious concrete has yet to be developed. This is 
due in part to the requirements for an open pore structure without sacrificing strength or 
deterioration resistance, which mostly includes raveling and spalling. Due to the inherent 
properties of pervious concrete, which are very different than those of conventional 
concrete, a new mix design method is needed. This research focuses on the influence of 
paste content, paste composition, and aggregate source on pervious concrete. 
Additionally, relationships between the properties examined are developed. These 
relationships will aid in the ability to develop an optimal mix design procedure by 
correlating mix properties (porosity, permeability, compressive strength, and abrasion 
resistance) to mix composition. 
Objectives 
The main objective of this research was to investigate the influence of cement 
paste on the properties of pervious concrete. The following is a list of the specific 
objectives of this research: 
(1) Evaluate the properties of different paste designs, independent of aggregate, 
using varying water-to-cement ratios. (Phase 1) 
(2) Evaluate the effect of varying cement-to-aggregate ratios, or paste content, on 
pervious concrete properties. (Phase 2) 
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(3) Determine the influence of paste design on the properties of pervious 
concrete. (Phase 2) 
(4) Determine the influence of various aggregate sources on the properties of 
pervious concrete. (Phase 2) 
Scope of Research 
This research project was divided into two phases. Phase 1 examined six different 
cement pastes independent of any aggregate. Water-to-cement ratios ranging from 0.25 to 
0.35 were evaluated during this phase by testing the flow, compressive strength, and 
flexural strength of each paste design. Phase 2 analyzed the properties of pervious 
concrete mixtures made with three of the paste designs from Phase 1, at their respective 
optimum water-to-cement ratio based on the compressive strength testing. In this phase, 
the cement-to-aggregate ratio, or paste content, was varied from 0.200 to 0.275, which 
spans the typical range as well as goes above and below the typical range.  For each mix 
design, six cylinders (6-in diameter x 6-in height) were made and tested for porosity, 
permeability, compressive strength, and abrasion resistance for each mix design. 
Additionally, three different aggregate sources were investigated to determine the 
influence of aggregate source. Local crushed aggregates, including two granite sources 
and one marble schist source, were used. Two granite sources were chosen due to their 
similarity in properties, primarily differing in LA Abrasion values.  
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Organization of Thesis 
This thesis opens with an extensive literature review of pervious concrete in 
Chapter II, including the benefits and issues with pervious concrete. Additionally, various 
other research projects are described, showing their findings, leading to a better 
understanding of the many factors that are involved in developing an optimum pervious 
concrete mix design. Chapter III follows with a detailed description of the materials and 
testing methods used throughout the research. In Chapter IV, all results are analyzed and 
discussed. Three different comparison methods were used: (1) comparing the various 
cement-to-aggregate ratios for the same paste design within the same aggregate source, 
(2) comparing the various paste designs for the same cement-to-aggregate ratio within the 
same aggregate source, and lastly (3) comparing the various aggregates for the same 
paste designs within the same cement-to-aggregate ratio. Finally, Chapter V presents a 




CHAPTER II: LITERATURE REVIEW 
This chapter includes a detailed discussion of pervious concrete. It covers its 
background, current applications and design procedures, advantages, and drawbacks. 
Overview of Pervious Concrete 
Portland cement pervious concrete (PCPC) allows water to penetrate its structure 
through a series of interconnected voids. This characteristic goes against all design 
criteria for conventional concrete, whose typical focus is on remaining impermeable. If 
designed, compacted, and maintained correctly, many sustainability benefits can be seen 
through the use of pervious concrete. Various other types of pervious/porous pavements 
show similar benefits. Permeable pavements can be divided into nine different categories, 
including porous aggregate, porous turf, plastic geo-cells, open-jointed paving blocks, 
open-celled paving grids, pervious concrete, porous asphalt, soft paving materials and 
decks (Ferguson, 2005). All of these permeable systems are similar in nature, typically 
consisting of a granular base that not only acts as storage for excess storm water, but also 
as structural support (Hunt and Laura, 2006). The use of these types of pavements has 
been increasing in recent years due to their many environmental benefits (Yang and 
Jiang, 2003). Like pervious concrete, the long-term performance of these pavements is 
still a concern and further research is needed to understand these pavements to a depth 
that traditional pavements are understood (Yang and Jiang, 2003). 
Environmental benefits of pervious concrete are imparted through its ability to 
control stormwater runoff (Lian and Zhuge, 2010), reduce pollution from the “first 
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flush”, and mitigate urban heat island effects (Delatte et al., 2009). Due to the high void 
content of pervious concrete, stormwater infiltrates the pavement structure, rather than 
creating runoff. This infiltrated water not only reduces runoff volumes but it leads to 
groundwater recharge (Delatte et al., 2009; Tennis et al., 2004; Haselbach et al., 2006). 
This inherent property of the material leads to the need for adequate hydrologic design. 
Hydrologic design is not a focus of the current research topic. Typically pervious 
concrete systems are composed of a pervious concrete surface and base drainage layer. 
To handle higher volumes of stormwater, in excess of the capacity of the drainage base, a 
network of underlaid pipes can be used to distribute excess water beyond the pavement 
base (Delatte et al., 2009). Overall, the use of pervious concrete to manage stormwater, 
along with its associated runoff, reduces the hydraulic loads for combined sewer systems 
and mitigates the degradation of urban stream systems (Delatte et al., 2009) .  
The high albedo and low thermal mass of pervious concrete leads to another 
sustainability benefit, mitigating the urban heat island effect (Delatte et al., 2009). In 
urban areas, and in some cases highly developed suburban areas, this benefit in reducing 
the heat island effect is most valuable. These areas are associated with obstructing the 
exchange of heat and moisture from the soil to the air. This obstruction makes it difficult 
for these areas to adjust to changing temperature and humidity (Yang and Jiang, 2003), 
leading to higher nighttime temperatures. Lastly, non-environmental related benefits such 
as reduced traffic noise and improved skid resistance can be seen through the use of 
pervious concrete (Tennis et al., 2004). All of these described benefits are only seen if the 
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proper techniques are used during design and construction of the pervious concrete 
pavement, which can be difficult due to its vast difference to conventional concrete. 
Pervious concrete is composed of intentionally interconnected voids, typically 
ranging from 15-25%, such that water is allowed to infiltrate its structure (Chindaprasirt 
et al., 2008). Infiltration rates of around 480 inches per hour are typically seen (Tennis et 
al., 2004). The void ratio, which directly relates to infiltration rates, of a specific pervious 
concrete mixture is influenced by the aggregate used, amount of water and cement used, 
and the level of compaction (Putman and Neptune, 2011).  In terms of hydraulic design, 
pervious concrete is typically limited by the infiltration properties of the subgrade 
(Delatte et al., 2009), rather than the infiltration rate of the pervious concrete. 
Construction over both clay-like and sand-like subgrades is possible, but a more 
extensive and expensive design is needed to accommodate for a clay subgrade. This is 
necessary because clay-like subgrades commonly have very permeability and have the 
tendency to shrink and swell (Hunt and Laura, 2006). Due to the unique properties of 
pervious concrete, its mixture design and construction method influence its properties 
greatly. Major factors that influence the properties and performance of pervious concrete 
include not only the mix design and aggregate gradation but also the aggregate properties, 
compaction energy, and compaction technique (Suleiman et al, 2006).  
Pervious concrete mixtures have little to no slump (Haselbach et al., 2006). This 
inherent property is due to the low cement paste content, which only allows for a thin 
film coating of cement paste around the aggregates (Wang et al., 2006). High viscosity 
paste is needed so that the aggregates can be coated, while resisting the drain-down of the 
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paste. The mitigation of drain-down is pertinent so that the matrix porosity is maintained 
throughout the width of the concrete section. The structure relies on the stone-to-stone 
contact achieved through compaction, which allows for the cement paste coated 
aggregates to bond with one another. It is recommended that the appropriate cement 
paste, to achieve the proper void structure, should possess a low water-to-cement ratio, 
about 0.20 to 0.25, in addition to superplasticizer and adequate mixing (Chindaprasirt et 
al., 2008).  
During construction, the concrete mixture is typically placed in a single lift 
(Haselbach et al., 2006). Through the use of risers, which are attached to the top of the 
pavement forms, a known amount of compaction, or roll down, is achieved (Haselbach et 
al.,  2006). Compaction of these lifts is attained through static rollers, applying vertical 
compaction from the surface (Haselbach et al., 2006), but in some cases a vibratory 
screed can be used (Tennis et al., 2004). Through the large compaction effort from the 
surface and the use of only a single lift, this compaction method leads to a pervious 
concrete structure that has increasing porosity with depth (Haselbach et al., 2006). This 
porosity distribution plays an important role in filtering sediment and is discussed, in this 
report, when describing the problems with clogging. After this initial compaction, no 
further finishing is needed (Haselbach et al., 2006). The use of bullfloats and trowels to 
finish conventional concrete mixes are not used for pervious concrete. These 
conventional finishing techniques can cause the surface to seal, therefore making the 
pavement impervious (Tennis et al., 2004). Finally, the finished concrete is then cured. 
This includes coving the fresh pervious concrete for a minimum of 7 to 10 days (Tennis 
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et al., 2004; ACI, 2006). Curing in this manner is essential to mitigate plastic shrinkage 
cracking brought on by the low water-to-cement ratio in combination with the open pore 
structure, making the concrete more susceptible to pore water evaporation. Additionally, 
by allowing the mixture water to evaporate, incomplete hydration may occur, leading to a 
weaker structure. Even with the proper compaction and curing methods, low compressive 
strengths are typically achieved, ranging from 800-3000 psi (Wang et al., 2006). 
Due to its structural insufficiency, pervious concrete is typically limited to 
applications such as pavements (Lian and Zhuge, 2010), foot paths, and bicycle trails 
(Ferguson, 2005). Even in pavement applications, pervious concrete is limited to low-
volume and light traffic pavements (Ferguson, 2005). Typically, to make up for these 
deficiencies in strength, designs for pervious concrete are thicker than that of 
conventional concrete. “As a rule of thumb, 150mm of pervious concrete can carry the 
same light traffic that would normally be carried by 100mm of conventional concrete” 
(Delatte et al., 2009). Another method of utilizing pervious concrete in high traffic areas, 
is to place it in adjacent parking spaces or lanes while maintaining conventional 
pavements along the driving lanes (Delatte et al., 2009). This type of design limits the 
loading on pervious concrete while allowing runoff from the conventional pavement to be 
infiltrated by the pervious concrete. While pervious concrete has been used in the United 
States for over thirty years (Yang and Jiang, 2003), a mix design and compaction method 
to produce high strength and high durability pervious concrete, that meets the designed 
void ratio, has yet to be developed (Chindaprasirt et al., 2008) and optimization of a 
pervious concrete surface mixture is still needed (Lian and Zhuge, 2010). 
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Disadvantages of Pervious Concrete 
Due to the high percentage of voids and the lack of fines, pervious concrete 
mixtures tend to have low compressive, tensile, and flexural strengths (Beeldens, 2001). 
Research has shown that the relationship between the strength and porosity of these 
mixtures is well defined. Typically, this relationship is fairly linear. As the porosity of the 
mix decreases, the strength increases (Crouch et al., 2003; Haselbach et al., 2006). 
Additionally, there is an inverse relationship between permeability and compressive 
strength (Lian and Zhuge, 2010). The low strengths seen in pervious concrete, no matter 
the porosity or permeability, are mainly imparted on the load transfer mechanism that 
takes place in the matrix structure. 
When pervious concrete samples were examined under loading conditions, based 
on a model of pervious concrete developed by Yang and Jiang, the load was seen to 
transfer between the cement paste (Yang and Jiang, 2003), rather than the stronger 
aggregate. Moreover, an experiment conducted by Chindaprasirt et al. supported the 
conclusions of Yang and Jiang (Chindaprasirt et al. 2008). In their study, samples of 
pervious concrete under a compressive load seemed to fail almost entirely in the cement 
paste (Chindaprasirt et al., 2008). Another study, by Lian and Zhuge, further analyzed the 
failure mode of pervious concrete and determined that pervious concrete tends to fail 
between the binder and aggregate interface (Lian and Zhuge, 2010). This is a 
disadvantage because the utilization of the strong aggregate is not being conducted. 
Additionally, in this study, the interfacial transition zone, otherwise known simply as the 
ITZ, between the paste and aggregate is being characterized as the weakest point of the 
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concrete and an area of needed focus for optimization of a pervious concrete mix design. 
Therefore, to enhance the strength, the cement paste area and cement paste strength are of 
most importance when consideration of an optimum design mixture is conducted (Yang 
and Jiang, 2003). Through research, it was determined that the properties of the mortar 
and coarse aggregate, including the interface between the two, actually determine the 
overall concrete strength (De Larrard and Belloc, 1997). The uses of filler materials, such 
as sand and chemical admixtures, have been deemed necessary to achieve adequate bond 
between the cement paste and aggregate, along with enhancing the ITZ, to develop 
sufficient strength (Lian and Zhuge, 2010).  
Problems and Issues with Pervious Concrete 
Due to the high pore structure within pervious concrete, it is very susceptible to 
problems both when considering construction methods and mixture design. Throughout 
the mix design and construction processes the main objective is to develop a stable 
mixture, without sacrificing the porosity needed to meet infiltration requirements. 
Compaction Problems 
Compaction is a highly influential factor on the properties and performance of a 
pervious concrete pavement (Lian and Zhuge, 2010). Compaction efforts are imparted on 
the mixture to help the aggregate particles interlock and increase the amount of stone-on-
stone contact, but over-compaction can lead to such a reduction in voids that the 
pavement becomes impermeable (Offenberg, 2005). On the other hand, under-
compaction can lead to raveling (Delatte et al., 2009). Raveling is brought on when the 
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aggregate to paste bond breaks and pieces of the aggregate are dislodged (Delatte et al., 
2009). This type of failure can occur in a pervious concrete pavement due to inadequate 
compaction or if the pavement is improperly cured (Delatte et al., 2009). A small amount 
of raveling is typical for a new pavement section, but extensive raveling is often related 
to inadequate materials or construction practices (Delatte et al., 2009). Acceptable curing 
of pervious concrete is easily achieved through the use of plastic coverings, so 
compaction is typically of largest concern and quality control measures are needed to 
ensure proper practices. 
Compaction methods for casting cylinders, typically for lab testing are also highly 
influential. If the conventional method for rodding cylinders, described in ASTM C 192, 
is used for a pervious concrete mixture, the results can lead to an inaccurate 
representation of the in-situ pavement (Putman and Neptune, 2011). It is vital that the 
compaction method used during quality control and quality assurance sampling 
accurately represent the properties of the material in the field. If the quality control and/or 
quality assurance samples do not match the in-situ material, then they should be 
neglected and testing should not be used to represent the other. 
Due to the special characteristics imparted on pervious concrete, research has 
shown that there can be varying porosity values throughout slabs, which are dependent on 
the placement and compaction techniques (Haselbach and Freeman, 2006). In the field, 
pervious concrete infiltration rates can vary due to a number of things, including variation 
in mix properties from truck to truck, differential mix delivery times, equipment 
malfunctions, and weather (Putman and Neptune, 2011) . An experiment conducted by 
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Haselbach and Freeman concluded that the porosity distribution along a vertical plane is 
fairly linear, with the top having the lowest porosity, followed by the middle, and the 
bottom having the highest porosity. Due to the inverse relationship between porosity and 
strength, porosity distribution is important when characterizing the overall pavement, or 
slab structure. This higher porosity at the bottom results in a lower tensile strength. When 
designing the pavement, an increase in thickness is required to make up for this reduction 
in tensile strength. Overall, the most influential factor on the porosity distribution in a 
pavement slab is the compaction methodology. 
Laboratory results, from a study by Suleiman et al. (2006), show that compaction 
energy has a large influence on the properties of pervious concrete. For this experiment 
each specimen was placed by rodding 25 times in three equal layers, with each rodding 
session followed by five seconds on a vibrating table. The changing variable was the 
compaction energy created by the amplitude of the vibrating table, in this case 0.005 inch 
and 0.0034 inch amplitudes were examined. This experiment concluded that using the 
reduced compaction energy resulted in a lower unit weight, increased void ratio, 
increased permeability and reduced compressive strength (Suleiman et al., 2006). During 
freeze-thaw resistance testing, it was seen that the specimens compacted using the regular 
compaction energy failed through the aggregate while a majority of the specimens 
compacted using the low compaction energy failed through the aggregate and paste 
(Suleiman et al., 2006). Furthermore, the specimens compacted under regular compaction 
energy were able to withstand more cycles than that of the low compaction specimens 
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(Suleiman et al., 2006). This experiment concluded that the compaction energy imparted 
on specimens influences the strength properties, unit weight and freeze-thaw resistance. 
Another experiment conducted by Rizvi et al. compared the influence of 
compaction between a proctor hammer and rodding on performance. This study 
concluded that compacting in two layers using ten blows per layer with the proctor 
hammer lead to the most representative sample that simulated the field (Rizvi et al., 
2009). While the sample set prepared using the proctor hammer were more representative 
of the field concrete, they were not within range of the void content seen in the field, but 
were still in the acceptable limits for pervious concrete (Rizvi et al., 2009). 
Similarly, an experiment by Putman and Neptune compared three different 
laboratory compaction techniques to determine a method, for a 150 mm diameter by 300 
mm tall cylinder, which would have the least amount of variance and still result in a 
similar product to the in-situ pavement. The compaction techniques compared in this 
experiment included rodding with a standard tamping rod (15.9mm diameter), impact 
imparted by a standard proctor hammer, and dropping of the mold on a concrete surface 
from a 50mm height. It was concluded that when rodding the holes did not completely 
refill with concrete due to the high stiffness of the mixture, leading to inaccurate results 
of porosity and density (Putman and Neptune, 2011). The specimens prepared using the 
proctor hammer and dropping method showed more consistent results than the tamping 
rod. Overall, the use of the proctor hammer, using two equal layers with either five or ten 
blows per layer was determined to result in the most accurate representation compared to 
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field compaction while maintaining consistent compaction results (Putman and Neptune, 
2011). 
When determining the compaction method appropriate for a given mixture, not 
only should the consensus properties of the aggregate be considered but also the source 
properties. In a study conducted by Lian and Zhuge, the use of the proctor hammer led to 
crushing of the weak aggregate, limestone and dolomite, so they decided on using the 
vibrational method for compaction (Lian and Zhuge, 2010). This is a great example of 
how the source properties of the aggregate influenced the compaction method. 
Overall, compaction method influences the properties of a pervious concrete 
mixture to a great effect. The compaction method should be considered, along with its 
associated benefits and draw-backs, when developing a pervious concrete mix design. 
Clogging 
Clogging of pores is another major problem associated with pervious concrete. 
Over time, sediment can fill the pores of the concrete structure and gradually diminish the 
concrete’s ability to infiltrate water. Clogged pavements not only reduce the infiltration 
rate of the pavement, but also increase the susceptibility to freezing and thawing damage 
(Delatte et al., 2009). Pervious concrete, and permeable pavements alike, are typically not 
susceptible to freezing and thawing damage due to their adequate drainage, leading to an 
unsaturated state once freezing temperatures occur (Delatte et al., 2009). The most 
susceptible pavements to clogging are those with low porosity and high traffic volumes 
(ACI, 2006). While clogging is a downfall to pervious pavements, there are many 
methods to mitigating its impact. Clogging can be controlled through both the design of 
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the concrete as well as the layout of the pavement. Additionally, dry vacuuming and 
pressure washing has been shown to restore up to 90% of the infiltration capacity of a 
pervious concrete pavement (Wanielista et al., 2007). 
Considering the concrete mixture, by creating a pavement in which the porosity 
increases with depth, can mitigate clogging susceptibility. These types of pavements are 
beneficial due to the filtering action of the sediment, making yearly maintenance, or 
vacuuming, an easy solution to a clogged pavement (Haselbach et al., 2006). Avoiding 
the smaller sediments from infiltrating deep into the pavement will make yearly surface 
maintenance sufficient in unclogging the pores of the pervious concrete (Haselbach et al., 
2006). A disadvantage to this type of pavement structure is the high porosity at the 
bottom of the pavement, which correlates to a low tensile strength (Haselbach et al., 
2006). Furthermore, obtaining a porosity distribution that can aid in a pavement’s ability 
to be unclogged is highly dependent on the construction technique. 
Another means of mitigating clogging is through the layout of the pavement itself. 
Directing particulates away from the pavement as well as the use of a pre-treating system 
can reduce the amount of particulate that can clog the pavement structure. It is obvious 
how to direct particulates away from the pavement, but the use of a pre-treater may not 
be understood. A pre-treatment system such as a vegetative filter strip or gravel filter 
buffer will be able to conduct initial filtration of storm water runoff before it reaches the 
pavement (Delatte and Miller, 2009). This type of system leads to a minimal amount of 
particulate that reaches the pervious concrete structure. 
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Typical Mix Designs and Proportions 
A single-sized aggregate gradation is commonly used to produce pervious 
concrete (Yang and Jiang, 2003; Tennis et al., 2004), which can easily achieve the 
required void content (≥ 15%) (Wang et al., 2006). These mixes generally possess high 
permeability and inadequate strength (Wang et al., 2006). The size, gradation, and 
amount of aggregate used in a pervious concrete mixture all affect the compressive 
strength achieved (Crouch et al., 2003). Lian and Zhuge examined two mixes that only 
differed in the aggregate type, keeping the amount and gradation of aggregate similar. 
Through this study, it was confirmed that the type of aggregate does affect the strength 
(Lian and Zhuge, 2010), which shows that the load transfer mechanism is not only 
through the cement paste. It was concluded that this variation may have been caused by 
differences in aggregate strength, particle shape, and particle texture (Lian and Zhuge, 
2010). By changing from a single sized aggregate (6.7mm < Aggregate size > 9.5mm) to 
a more varied aggregate size (4.75mm < Aggregate size > 9.5mm), an increase in 
compressive strength at 7- and 28-days was seen (Lian and Zhuge, 2010).  Additionally, 
incorporating fine aggregate into the mixture, in the amount of approximately 7% by 
weight of total aggregate, significantly increased the concrete strength, as well as freeze-
thaw resistance (Wang et al., 2006). In an experiment by Wang et al., this concept of 
replacing ≈ 7% of total aggregate by weight with fine aggregate was applied, resulting in 
the confirmation of its influence on increasing strength (Wang et al., 2006).  Even though 
the introduction of fines decreases void content, all samples in the experiment retained 
values in the acceptable range (≥ 15-25%) (Wang et al., 2006). It should be noted that 
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further increasing the aggregate gradation (4.75mm < Aggregate size > 13.2mm) led to a 
decrease in both compressive and flexural strength (Lian and Zhuge, 2010). 
Other than aggregate gradation changes, pervious concrete strength can be 
increased through the use of silica fume and superplasticizer (Yang and Jiang, 2003). The 
weakest component of cement paste is the interfacial transition zone (ITZ), which forms 
in a non-uniform thickness around the aggregate particles. Through the use of superfine 
particles, such as silica fume, densification of the ITZ occurs (Yang and Jiang, 2003). 
This densification creates a stronger paste. Due to the ITZ’s influence on overall strength, 
as previously described, this increases the overall mixture strength. By using 
superplasticizer, the amount of water needed for workability requirements can be 
reduced. This reduction in water-to-cement ratio increases the paste strength and is highly 
desirable in pervious concrete (Chindaprasirt et al., 2008).  
Increasing the cement paste area is another means of increasing the overall 
mixture strength (Yang and Jiang, 2003). This increase in cement paste area can easily be 
achieved through the use of smaller aggregates. With smaller aggregate, the cement paste 
will have more specific surface area to coat. Additionally, it has been examined that 
enhancing the cement paste itself can result in increased mixture strength (Yang and 
Jiang, 2003).  
When Yang and Jiang examined the effects of silica fume and superplasticizer in 
pervious concrete, the conclusion had promising results. In comparison to the control, the 
addition of 6% silica fume resulted in increased strength (Yang and Jiang, 2003). When 
the combination of 6% silica fume and 0.8% superplasticizer was used, the mixture 
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strength was enhanced even more (Yang and Jiang, 2003).  Furthermore, the results of 
the experiment show that the cement paste mixture with only 6% silica fume had the 
smallest water penetration coefficient, followed by the mixture with 6% silica fume and 
0.8% superplasticizer, and lastly the control mix (Yang and Jiang, 2003). Due to the 
higher water demand by silica fume concrete, problems can occur unless the water-to-
cement ratio and curing technique are adequately addressed. Lian and Zhuge recommend 
the use of silica fume in addition to other chemical admixtures, typically superplasticizer, 
to receive its full benefits (Lian and Zhuge, 2010).  The use of silica fume and 
superplasticizer improve the workability and compressive strength of the mixture (Lian 
and Zhuge, 2010). With this conclusion it could be seen that the use of silica fume and 
superplasticizer in pervious concrete has the potential to be very beneficial. Considering 
an entire concrete mixture,  Lian and Zhuge saw the best performance, in terms of 
compressive strength, through the use of varied aggregate size (4.75mm < Aggregate size 
> 9.5mm), some fine particles (approximately 18%), silica fume (approximately 7%),  
and superplasticizer (approximately 0.8%) (Lian and Zhuge, 2010). With this mixture, 
water-to-cement ratios between 0.30 and 0.38 were tested, resulting in an optimal water-
to-cement ratio of 0.32 to 0.34 (Lian and Zhuge, 2010). 
The properties of the cement paste in pervious concrete vary largely from that of 
conventional concrete. Cement paste used in pervious concrete mixtures should have a 
high viscosity (Chindaprasirt et al., 2008). This type of paste can be achieved through the 
use of a low water-to-cement ratio, typically between 0.20-0.25, the incorporation of 
superplasticizer, and adequate mixing (Chindaprasirt et al., 2008). Through different 
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studies, various optimal flow values have been determined, which were dependent on 
mixing, compaction, and admixtures used (Chindaprasirt et al., 2008). Further studies 
need to be conducted on the properties of cement paste used in producing pervious 
concrete.  
When evaluating the mixing time needed for optimal flow for cement paste either 
with admixtures or in the absence of admixtures, Chindaprasirt et al. recommends a 
minimum mixing time of 270 seconds (30 seconds at 50 rpm and 240 seconds at 200 
rpm). This experiment also examined the viscosity of the paste. The yield stress and 
plastic viscosity increased with a reduction in paste flow (Chindaprasirt et al., 2008). 
Additionally, it was seen that when a superplasticizer dosage was used, the highest yield 
stress and plastic viscosity was achieved (Chindaprasirt et al., 2008). The comparison 
between the use of a water reducer and a superplasticizer showed an advantage towards 
the superplasticizer. The use of superplasticizer greatly increased the strength of the 
cement paste where the use of a water reducer only slightly increased the cement paste 
strength (Chindaprasirt et al., 2008). In conclusion, it is seen that there are many factors 
when preparing the cement paste that can influence its performance in the mixture. 
Another main concern with pervious mixture design is drain-down susceptibility. 
Chindaprasirt et al. examined three different design void ratios (15%, 20%, and 25%) and 
three different paste flows (150mm, 190mm, and 230mm). After curing, it was seen that 
paste dripped to the bottom of some specimens, leading to an impermeable area. This 
drain-down was seen in the specimens with paste flow of 230mm, which included the 
15% and 20% voids, along with the specimens with the paste flow of 190mm, which 
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included the 15% voids (Chindaprasirt et al., 2008). The optimal paste designs 
recommended included paste flow of 150mm with 15% voids, paste flow of 190mm with 
20% voids, and paste flow of 240mm with 25% voids (Chindaprasirt et al., 2008). When 
considering strength, Chindaprasirt et al. recommends a mixture with a paste flow of 
240mm and a 25% void ratio. 
Through this information, it can be easily understood that there are many 
influential factors that affect the overall mixture performance, leading to both advantages 
and disadvantages of pervious concrete. When designing a pervious concrete mixture, 
factors such as aggregate gradation, aggregate properties, the use of supplementary 
cementitious materials and chemical admixtures, mixing methods and potential for drain 




CHAPTER III: MATERIALS AND EXPERIMENTAL PROCEDURES 
This chapter includes details about the materials and methodologies used 
throughout this research. Phase 1 included testing of cement paste, with examination of 
workability and strength across various paste design types. Within each paste design type, 
five different water-to-cement ratios were studied. The outline for the sample size tested 

















Figure 3-1: Flow Chart of Phase 1 Testing 
After the completion of Phase 1, three different paste designs were chosen to be 
used in Phase 2 of the research. Phase 2 was conducted using pervious concrete mixtures, 
which included the combination of aggregate, cement paste, chemical admixtures, and 
supplementary cementitious materials. For each concrete mixture, four different cement-
to-aggregate ratios were used. The outline for the sample size tested throughout the 
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Figure 3-2: Flow Chart of Phase 2 Testing 
Materials 
Excluding Portland cement, all of the materials used in this research were locally 
derived. Three different aggregate sources were chosen, which included two granite 
sources and one marble schist source. The two granite sources had variations in L.A. 
Abrasion values, which was the main focus of their use. These two aggregate sources 
allowed for the investigation on the L.A. Abrasion property of aggregate on pervious 
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concrete, independent of aggregate geologic formation. Choosing the third source 
allowed for a comparison between different aggregate types. The general properties 
between the granite and marble schist aggregate sources were similar, leading to the 
investigation on the influence of geologic formation on pervious concrete. General Type I 
Portland cement was consistently used throughout this research, along with a 
Superplasticizer admixture and Class F Fly Ash, in the mixture that required there 
addition.  
Cement 
General Type I Portland cement was used in this research because it is typically 
used for pervious concrete in practice. The cement was produced by the Lehigh Cement 
Company, Heidelberg Cement Group, of Allentown, PA. The chemical composition of 
the cement is summarized in Table 3-1. These chemical details were obtained from the 
mill certificate, provided by the manufacturer. Before being used in any concrete 





Table 3-1: Chemical Composition of Portland Cement (provided by the manufacturer) 
Oxides 
Oxide composition 









Available alkali - 
Loss on ignition 1.9 






A polycarboxylate-based high range water reducer, or superplasticizer, was used 
to increase workability without increasing the water-to-cement ratio or leading to 
segregation.  A high range water reducer produced by W.R. Grace & Co., ADVA Cast 
575, was chosen. This admixture meets all of the specifications in ASTM C 494 as a 
Type A and F (W.R. Grace & Co., 2007). Additionally, this admixture meets the 
requirements in ASTM C 1017 as a Type I plasticizer (W.R. Grace and Co., 2007). The 
typical dosage recommended by the manufacturer was 3 to 6 fl. oz./cwt . An intermediate 
dosage, 4.5 fl. oz./cwt, was chosen for this research. 
Aggregates 
Aggregate sources were chosen from local South Carolina quarries. Three sources 
were used, including two granite sources and one marble schist source. Specific 
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properties for the three aggregate sources, from the SC DOT Qualified Aggregate Source 
List, are summarized in Table 3-2. Confirmation of these properties, through personal lab 
testing, was not conducted during this research due to the recent update of the list as well 
as the infrequent change in source properties from the quarries.  
The two granite sources, denoted Aggregate A and Aggregate B, were from 
igneous rock formations. Both aggregate sources were highly angular and possessed a 
similar absorption, about 0.8%. The main focus of these two aggregates was on the 
differences in their L.A. Abrasion values. Aggregate A possessed a higher L.A. Abrasion 
value than Aggregate B. This source property was considered the only altered variable 
between the two sources and performance variances, between these two aggregates, were 
related directly to this property. Lastly, the marble schist source was chosen, denoted as 
Aggregate C.  Aggregate C, a metamorphic rock formation, was chosen as the third 
aggregate source due to its closely related properties, such as absorption and specific 
gravity. This alternative selection allowed for the investigation of various geologic 
classifications to be conducted. A summary of the flat and elongated data for each 
respective property is summarized in Table 3-3. An overview of the aggregate used in 
Phase 2 is summarized in Figure 3-3. While the absorption of Aggregate C was actually 
0.5%, compared to Aggregate A and B that had absorption values of 0.8%, all concrete 
mix designs assumed an aggregate absorption value of 0.8%. This assumption allowed 
for the use of the same mix design, independent of the aggregate source.  
All aggregates were sieved out to obtain individual fractions, and then combined 
to meet the required gradation. This allowed for consistency between all aggregate 
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sources, and made the slight variation between the quarry’s gradations insignificant. An 
89M gradation was chosen to be used throughout Phase 2, due to its open-graded nature 
and its acceptable use in the production of pervious concrete. The 89M gradation 
proportions were chosen based on the Liberty quarry’s 89M gradation. The 89M, open-
graded, gradation curve can be seen in Figure 3-4.  
Multiple aggregate sizes from each source were used to obtain the required 
fractions of aggregate, to meet the chosen 89M gradation. Each aggregate source was 
oven-dried, for at least 24 hours, at 110°C, and then mechanically sieved to obtain single-
sized fractions.  Sieves used during this process included the ½ in., 3/8 in., No. 4, No. 8, 
No. 16, and No. 100. The chosen 89M gradation met the standards specified in ASTM C 
33.   
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A 1% 0% 0% 99% 29% 71% 
B 7% 0% 0% 93% 31% 69% 
C 8% 2% 0% 90% 52% 48% 
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A 0% 0% 0% 100% 1% 100% 
B 0% 0% 0% 100% 1% 99% 
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Figure 3-4: Aggregate Gradation Curve (Open-Graded) 
Testing Methods and Procedures 
All procedures used to conduct testing followed standards published by American 
Standards for Testing and Materials (ASTM), excluding cases where no published 
standards were available. In the case where an ASTM standard was used, it is so stated in 
the text. If a standard was not used, step-by-step procedures are given. This is done such 
that results formulated by this research can be repeated, if necessary. 
Cement Paste Mix Design 
While there were two phases to this research, Phase 1 focused solely on 
characterizing various cement paste designs. Mixes for each respective paste design were 
proportioned to fill three cube molds, 2 × 2 × 2 in., and three beam molds, 1.57 × 1.57 × 
6.3 in. (40 × 40 × 160 mm).  For consistency, a mass of 3,000 grams was used for the 
total amount of cementitious material for all mixtures. Additionally, the dosage of 
































oz./cwt. The paste design proportions for all mixtures considered are summarized in 
Table 3-4. 
 Six different paste designs were examined in this phase. These designs included a 
control, superplasticizer, 10% fly ash, 10% fly ash with superplasticizer, 20% fly ash, and 
lastly a 20% fly ash with superplasticizer. For each paste design five different water-to-
cement ratios were examined. Water-to-cement ratios of 0.250, 0.275, 0.300, 0.325, and 
0.350 were used.  All paste designs were mixed in accordance to a modified version of 
ASTM C 305. This modified version was used due to the absence of a fine aggregate, or 
sand, in these mixtures. Due to the fact that no sand was used in these mixtures, the initial 
mixing time was one minute. Beyond this step, ASTM C 305 was followed directly. 
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0.250 3000 - - - 750 750 
0.275 3000 - - - 825 825 
0.300 3000 - - - 900 900 
0.325 3000 - - - 975 975 




0.250 3000 - 8.9 6 744 750 
0.275 3000 - 8.9 6 819 825 
0.300 3000 - 8.9 6 894 900 
0.325 3000 - 8.9 6 969 975 







0.250 2700 300 - - 750 750 
0.275 2700 300 - - 825 825 
0.300 2700 300 - - 900 900 
0.325 2700 300 - - 975 975 









 0.250 2700 300 8.9 6 744 750 
0.275 2700 300 8.9 6 819 825 
0.300 2700 300 8.9 6 894 900 
0.325 2700 300 8.9 6 969 975 







0.250 2400 600 - - 750 750 
0.275 2400 600 - - 825 825 
0.300 2400 600 - - 900 900 
0.325 2400 600 - - 975 975 









 0.250 2400 600 8.9 6 744 750 
0.275 2400 600 8.9 6 819 825 
0.300 2400 600 8.9 6 894 900 
0.325 2400 600 8.9 6 969 975 





Pervious Concrete Mix Design 
After Phase 1 was complete, three different paste designs were chosen to be used 
for making pervious concrete mixtures. The paste designs chosen included the control, 
superplasticizer, and 20% fly ash with superplasticizer. The design water-to-cement ratio 
for each mix design was selected based on the optimum compressive strength values, as 
determined in Phase 1. Additionally, these paste designs were chosen due to the inclusion 
of a chemical admixture and a mineral admixture. The use of silica fume in combination 
with a superplasticizer has been shown to greatly enhance the properties of pervious 
concrete (Yang and Jiang, 2003), making the addition of a similar chemical and mineral 
admixture essential in this research.  
With these three different paste designs determined, Phase 2 of the research 
began. Pervious concrete specimens were prepared using four different cement-to-
aggregate ratios. These ratios were chosen based on the typical cement-to-aggregate 
ratios used in practice, ranging from 1:4 to 4.5, or 0.250 to 0.222 (Tennis et al. 2004). 
When choosing cement to aggregate ratios for Phase 2, it was decided to choose two 
ratios that match the typical maximum and minimum value. Additionally, two ratios were 
chosen beyond the typical range, going one step below the minimum and one step beyond 
the maximum, respectively. In conclusion, the range of cement-to-aggregate ratios for 
Phase 2 included 0.200, 0.225, 0.250, and 0.275. Throughout this research study the 
variation in cement-to-aggregate ratio is considered equivalent to a variation in cement 
paste content, due to their direct relationship. It is understood that the cement-to-
aggregate ratio is simply the ratio of cementitious material to that of the aggregate 
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content, where the cement paste content is simply the proportion of water, mineral and 
chemical admixtures, and Portland cement. Even with these differences, the two are 
considered similar throughout this research. For each cement-to-aggregate ratio, mixes 
were prepared. Each batch would yield enough volume to cast six cylinders (6 in. tall × 6 
in. diameter). Quantities of cementitious material were held constant for the cement-to-
aggregate ratios of 0.200 and 0.225 as well as 0.250 and 0.275, which were 6214 and 
7547 grams, respectively. A summary of the mix proportions, as seen in Table 3-5, was 
held consistent between the three different aggregate sources. Creating a mix design with 
this similarity ensured that these batches would be easily comparable.  
Table 3-5: Pervious Concrete Mix Proportion Design Table  



















0.200 6214 2113 - 31071 - -
0.225 6214 2085 - 27619 - -
0.250 7457 2476 - 29828 - -
0.275 7457 2454 - 27116 - -
0.200 6214 1790 - 31071 18 12
0.225 6214 1763 - 27619 18 12
0.250 7457 2089 - 29828 22 14
0.275 7457 2067 - 27116 22 14
0.200 4971 1946 1243 31071 18 12
0.225 4971 1918 1243 27619 18 12
0.250 5966 1865 1491 29828 22 14
0.275 5966 1843 1491 27116 22 14
Notes:
(1) *Superplasticizer dosage = 295 mL/100kg of cement (4.5 fl oz/cwt)
(2) **  Water versus Solid Percentage from Superplasticizer is  60% 
Water/40% Solids (8.9 lbs/gal= 1.066 g/mL) 
(3) Absorption assumed to be 0.80% for all aggregate sources, 










Butter Batch for Concrete Mixing 
With all concrete mixtures, a butter batch was used to coat the inside of the 
mixing drum. This was done to mitigate the interference of the drum on the properties of 
the mixed concrete. Each butter batch design contained 3,850 grams of aggregate with 
quantities of water and cement that correlated to the concrete batch that was to be mixed 
(i.e., if the concrete batch had a water-to-cement ratio equal to 0.25, then the butter batch 
would have a water-to-cement ratio equal to 0.25, calculated off of the 3,850.0 grams of 
aggregate). No supplementary cementitious materials or chemical admixtures were used 
in the butter batches, even if the concrete batch was to have these additions. Mixing for 
the butter batch followed the same standards as the testing batch. Upon conclusion of 
mixing the butter batch, the majority of the material was removed from the drum, 
allowing for the actual batch be mixed.  
Concrete Mix Method 
Three different mix methods were analyzed to determine the most consistent and 
homogeneous mixing method. Each mix method tested used the same concrete mix 
proportions. This mix design consisted of Portland cement, superplasticizer, water, and 
aggregate. A water-to-cement ratio of 0.25 and a cement-to-aggregate ratio of 0.25 were 
chosen for these batches.  
The first mix method followed ASTM C 192, with the inclusion of one 
modification. During the initial mixing of the aggregate, approximately 5% of the total 
weight of cementitious material was added to coat the aggregate particles to enhance the 
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aggregate bond (Wang et al., 2006). This mix method led to an acceptable fresh concrete 
mixture with little observed variation in consistency and composition.  
The second mix method mixed the cement paste separately, in a large stand 
mixer, then added it to the dry aggregate in a large drum mixer. This mix method posed a 
problem when transferring the cement paste form its original mixing bowl to the 
aggregate in the drum. Due to this challenge, not all paste was added to the drum mixer. 
Upon completion of mixing, the concrete formed large clumps that needed to be broken 
down. If not dispersed, these clumps would have led to a high potential for clogging and 
the creation of large variations between the properties across the same mix.  
The third mix method was a combination of the first two methods. The cement 
paste was still mixed separately then added to the aggregate, but only ≈85% of the 
cement was used to mix in with the cement paste. The other ≈15% was used to pre-coat 
the aggregate, similar to the first mix method. This mix method was employed to 
alleviate the clumping problems and transfer issues seen in the second mix method. The 
initial coating of the aggregate with cement was posed to mitigate clumping while the 
reduced cement content in the paste led to a lower viscosity mix, making its transfer to 
the drum more efficient. Once mixing was complete, using the third mix method, the 
concrete had significantly less large clumps, but clumping of medium and small sizes still 
existed.  
Figure 3-5 summarizes testing conducted on the different mix methods. It can be 
seen that all mix designs produced a finished product that had similar properties in terms 
of permeability. As for porosity, all mix methods were statistically similar with the 
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exception of mix method one, which resulted in a lower porosity. This decrease in 
porosity was most likely due to the lack of clumping that occurred, compared to the other 
mix methods. Next, compressive strengths were seen to be statistically similar between 
mix method one and three as well as two and three, leading to the only statistical 
difference between methods one and two. Mix method two and three resulted in the lower 
range for compressive strength values. Lastly, mix methods two and three, being 
significantly similar, performed the best in the abrasion resistance test, resulting in the 
lowest percentage of mass loss after 300 revolutions. Mix method two was statistically 
different than the other two mix methods, resulting in a higher percentage of mass loss 
after testing. An overview of the statistical analysis between the different mix methods is 
summarized in Table 3-6. 
Compressive strength and mass loss were taken to be the controlling factor, for 
mix method selection for use in Phase 2, due to the statistical similarity between all mixes 
in terms of permeability. While mix method one and two both resulted in higher values 
for compressive strength and a lower percentage of loss during the abrasion resistance 
testing, mix method one was selected to be used for the duration of the Phase 2 research. 
Overall, mix method one was chosen based on its ability to remain consistent (no 
clumping) and still retain good performance in terms of permeability, compressive 
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Figure 3-5: Comparing Mix Methods to. Pervious Concrete Properties: (a) Permeability, 







































































































































Table 3-6: Statistical Analysis for Different Mix Methods 
 
Compaction of Concrete Specimens 
All concrete cylinders were cast in one lift, with each mold being initially filled 
with concrete 2.5 in. above its height. This additional 2.5 inches was used as a 
compaction lift and was added through the use of a removable collar, as seen in Figure 3-
6(a). After each mold was filled, the specimen was compacted by twenty blows with a 
standard Proctor hammer. Compaction was done in two secessions, ten blows each, in 
which each session compacted the exposed surface area completely. After compacting, 
the collar was detached from the mold and the excess concrete was screed off through the 
application of a sawing motion, by a straight edge, along the molds surface. If it became 
apparent that too much aggregate was removed, voids were filled with additional 
material. After the specimen was screed to the appropriate height, a trowel was used to 
carefully press on the surface to ensure smoothness and uniformity. Excess finishing was 
resisted to mitigate clogging of surface pores. An overview of the compaction 































(b) Plastic Sleeve (Left) and Mold 
(Right) 
  




(e) Step #3 (f) Step #4 
  
(g) Step #5 (h) Step #6 
Figure 3-6: Preparation and Compaction of Pervious Concrete Specimens 
Curing 
Each specimen was cured in an open room, at approximately 75±5°F for 24 hours, 
before being removed from the mold and placed in a wet curing room. To inhibit plastic 
shrinkage cracking, all cement paste specimens were coved with a wet paper towel and 
all concrete specimens were covered with an air tight plastic cap.  
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The wet curing room consisted of grated shelves and overhead water sprinklers, 
with a room temperature of 75±5 °F. In the curing room, no concrete specimens were 
stacked, inhibiting clogging of specimens by means of efflorescence. Examples of curing 
methods are seen in Figure 3-7. 
  
(a) (b) 
Figure 3-7: Curing Methodologies 
Cement Paste (Phase 1) Testing 
Two different characteristics were determined through cement paste testing, 
workability and strength. All specimens were derived from the same batch to ensure an 
accurate comparison between sample tests.  
Flow (Workability) Test 
Workability of the various paste designs was determined based on its flow. The 
flow test followed procedures specified in ASTM C 1437. A recorded flow value of 
255mm, denoted by a red dashed line in the analysis, correlated to a cement paste flow 
that exceeded the limits of the testing table.  
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Compressive Strength Test 
To measure the compressive strength, 2 in. cube specimens were made for each 
paste design.  Testing occurred after twenty-eight days of curing. A total of three cubes 
were made for each batch to assess the variability of the different paste designs.  All 
procedures followed the ASTM C 109 standard. 
Flexural Strength Test 
Rectangular prism specimens were cast to measure the flexural strength. After 
twenty-eight days of curing, these specimens were tested using a three point bending test. 
Three cement paste beams were made for each cement paste design to measure the 
variability of the materials. Testing and preparation of these beams followed the 
procedures specified in the ASTM C 348 standard. However, instead a tamper with a 
cross section of 0.5 × 1 in. and a height of 5 in. was used. The beams were placed in two 
lifts, of equal height. Tamping covered the surface area of each lift a total of three times, 
similar to that indicated in the standard. 
Pervious Concrete (Phase 2) Testing 
The pervious concrete testing was broken into testing while in its fresh state and 
after hardening. All material used to conduct these tests were derived from the same 
batch. Three tests were performed on the fresh concrete, prior to initial set, and four tests 
were conducted in its hardened state, after final set.   
For the fresh concrete, slump, unit weight, and paste content were measured. 
Slump testing occurred immediately after mixing, following the conventional method 
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using the slump cone (ASTM C 143). After, a fresh unit weight was measured. Lastly, 
paste content was measured, using a sample set of two for each batch, by wet washing. 
Testing for paste content was conducted to verify its relationship with cement-to-
aggregate ratio, used during concrete mix design proportioning. 
Permeability, porosity, compressive strength, and abrasion resistance were 
determined after the specimens were hardened, all at different specified periods 
throughout curing. Permeability was conducted after fourteen days, porosity after twenty-
one days, and compressive strength and abrasion resistance after twenty-eight days, all in 
relation to its initial casting date. Porosity was chosen to be tested after twenty-one days 
of curing so that the concrete would have developed enough strength to withstand the 
detriments of oven-drying, 18±4 hours at 110°C. Compressive strength and abrasion 
resistance were chosen to be tested after twenty-eight days of curing, matching the curing 
period typical to that in practice.  Due to the fact that these tests would result in the 
ultimate damage of the specimen, half (n=3) of each sample set was used to test 
compressive strength and the other half (n=3) was used to test abrasion resistance. 
Separation of these subsets was determined based on equal porosity. The average 
porosity of the specimens used for compression strength testing was as close as possible 
to that of the specimens used for abrasion resistance testing. This separation ensured that 
these two properties could be adequately compared. Lastly, permeability could have been 
tested at any time during curing, because it does not influence the properties of the 
concrete, but was decided to consistently test all specimens after fourteen days of curing. 
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The maintenance of this testing schedule ensured uniformity of data across all 
sample sets. An overview of concrete testing is described in the flow chart illustrated in 
Figure 3-8. 
 
Figure 3-8: Concrete Testing Flow Chart for Fresh and Hardened Concrete 
Slump  
Slump was tested in accordance with ASTM C 143. Due to the vastly different 
properties of pervious concrete, compared to conventional concrete, most slump tests 
resulted in a collapsed or sheared condition. While the slump test may not be considered 
a true test of the workability for pervious concrete, it can be used for comparative 





























Using a mold of know volume, as previously determined in the lab, a specimen 
was prepared in the same manner as the test specimens. Measurement of the specimen 
mass and its respective volume were used towards calculating a fresh unit weight for each 
batch.  
Paste Content (Wet Wash) 
The paste content was determined for each batch through the use of a wet wash 
procedure. Two representative specimens were collected from each batch and their 
weights were recorded. The respective concrete specimens were then washed over a No. 
30 sieve, until no remaining visual sign of cement paste existed, typically after a 5±2 
minutes. This included agitation of the aggregate to promote the separation of cement 
paste from aggregate. Then, the washed aggregate was oven-dried, at 110±5°C for 
approximately 12 hours, and its dry weight was recorded. Using the initial weight of the 
fresh concrete and dry weight of the aggregate, an approximate paste content was then 
determined. The paste content calculated was not corrected for any material, which 
passed through the sieve during testing, which was not a part of the cement paste. Very 
fine aggregate particles, finer than the No. 30 sieve as well as the absorption water from 
the aggregate that was dried off in the oven, are two of the main corrections that were not 
considered. These two factors lead to a higher calculated paste content, or lower final 
mass after oven drying the washed aggregate, than the actual paste content. The very fine 
aggregate and aggregate absorption water are not typically considered as part of the paste, 
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but due to their minimal influence, they are in this research. Equation 3-1 was used to 
calculate paste content. 
              [ ]   
       
    
     
Equation 3-1 
o    = initial mass of the mixture specimen  
o    = final oven-dry weight after wet washing over a No. 30 sieve 
Porosity Testing 
Porosity was determined using a modified method of that proposed by Montes et 
al. (2005). Each specimen was dried at 110±5°C for 18±4 hours. The dry weight was 
recorded, along with four readings for the diameter and height of each specimen. The 
diameter and height measurements were used to determine the volume of each specimen, 
which would be used in determining its porosity. Additionally, these values were directly 
used when determining porosity, in which volume was also needed. Then, the specimens 
were submerged under water for thirty minutes. After the thirty minute time frame, 
specimens were tapped five times in the upright position, then inverted and tapped 
another five times. Tapping was hard enough to promote the escape of trapped air 
bubbles, but not severe enough to damage the specimens. After this, the mass of the 
submerged specimen was recorded. It was pertinent that the specimens never be exposed 
to air until the conclusion of the test. With the recorded weights, a porosity value was 
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Equation 3-3 
o      = weight of oven dry specimen after cooling to room temperature 
o      = weight of submerged specimen after conducting above porosity procedure  
o    = total volume of specimen, taken from average diameter and height readings 
for each respective specimen 
 
Drying was conducted at a high temperature for a short period of time, rather than 
at lower temperatures for an extended period. The drying duration was consistent for each 
specimen, making the influence of drying negligible when comparing values. 
Permeability Testing 
A falling head permeability apparatus was used to measure the hydraulic 
conductivity of all cast cylinders. Three main steps were involved in conducting this test. 
They included the (1) preparation of the specimen, (2) set-up of the testing apparatus, and 
(3) measuring the hydraulic conductivity of the specimen.  
Initially, for step number one, a strip of impermeable tape, slightly longer than the 
perimeter of the cylinder, was folded along its length, at a width of one-third its total 
width. Then the sticky side of the tape, that constituted the one-third portion, was 
attached to the perimeter of the specimen. The other two-thirds of the tape, sticky side 
facing outwards, extended above the top of the specimen, approximately half way. Next, 
each specimen was wrapped in a plastic film multiple times, typically twice on top and 
twice on the bottom, with adequate overlap between layers. The overlay allowed for a 
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water tight seal between the top and bottom film layers. A visual description of the 














After the specimen was prepared, it was then placed in the 6 in. diameter 
standpipe, which can be seen in Figure 3-10(a). The specimen was placed at the bottom 
end of the pipe, where it created a seal against a rubber gasket. Plumbers putty was then 
used to seal the specimen to the inside of the standpipe, by spanning the gap between the 
specimen and the inner wall of the standpipe. The tape protruding from the top of the 
specimen aided in this seal and allowed the specimen to be sealed along its perimeter 
without clogging the specimen’s surface. Each specimen was sealed with putty in such a 
manner that minimal, if any putty at all, extended to the specimens surface. Conducting 
the seal in this manner ensured minimal influence from the seal on the testing results. 
Overall, this seal was necessary to ensure that all water would pass through the specimen, 
rather than around the specimen, leading to an accurate measurement of permeability. 
This concluded the preparation of the specimen. 
Next was the set-up of the testing apparatus. Once the specimen was fully 
prepared in the standpipe, the standpipe and specimen combination was elevated. This 
allowed for a connection to be made, using a rubber coupling, between the standpipe and 
u-tube sections. The u-tube section can be seen in Figure 3-10(b) and the connection 
between the standpipe and u-tube can be seen in Figure 3-10(c). The end of the u-tube 
was aligned in such a way that it ended at the same height as the top of the specimen 
being tested, after the standpipe was leveled. Once the apparatus was completely set-up, 
water was then added to the appropriate level. In this research, water was added to a 
height of fifteen inches above the top of the specimen. Water was initially added to the u-
tube section, to ensure that the u-tube was filled completely with water and no air voids 
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remained in the ninety-degree angles that were used in its make-up.  Next, once the u-
tube was filled to capacity, the main valve between the standpipe and u-tube section was 
closed. This allowed for the standpipe to be filled to the required height. A funnel was 
used when filling the standpipe to restrict incoming water flow rates and direct water 
towards the center of the specimen, away from the putty seal, ensuring its integrity. A 




(a)  (b)  
  
(c)  (d)  
Figure 3-10: Falling Head Permeability Test Apparatus 
Testing of the specimen then took place, the last step in permeability testing. With 
the water level in the standpipe at a height of fifteen inches from the top of the specimen, 
testing was conducted. The main valve was opened and a record of the amount of time it 
took the water level to drop from a height of twelve inches to a height of three inches, 
both heights respective from the top of the specimen, in the standpipe was gathered.  The 
initial water height was set at fifteen inches from the top of the specimen to allow 
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adequate time between opening the main valve and starting a timer. This testing 
procedure was repeated to obtain a total of three trial records per specimen and a total of 
eighteen records for each sample set. With these gathered time trials, permeability was 
calculated using Equation 3-2. 
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o     = diameter of the stand pipe 
o   
̅̅ ̅̅  = diameter of the specimen being tested, taken as the average of four 
measurements 
o  ̅ = height of the specimen being tested, taken as the average of four 
measurements 
o  ̅ = average time, from a total of three trials, taken to travel between    and    
o    = initial reading of scale, taken at time t=0, for this experiment 12–in. was used 
o    = final reading of scale, taken at end of time trial, for this experiment 3–in. was 
used 
Compressive Strength Test 
After twenty-eight days of curing, specimens were cored to an approximate 
diameter of three inches. Coring was conducted by placing the larger, 6 in. diameter by 6 
in. tall specimens in a clamping sleeve, which would ensure the immobilization of the 
specimen during coring. The clamping sleeve and coring apparatus are visualized in 
Figure 3-11. To ensure a quality cored product, a dummy specimen was placed beneath 
the specimen that was being cored. This allowed a resistive force when the coring bit 
reached the bottom of the specimen being cored. Without this resistive force, the end of 
the specimen would break off rather than be saw cut. Water was continuously run for 
cooling purposes, using the attachment on the coring drill, throughout the duration of the 
coring. After coring, both ends of the cylinder were cut, using a wet saw, to ensure a level 
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plane for proper testing. It should be noted that no caps were used, nor should they be 





Figure 3-11: Visual of (a) Coring Apparatus and (b) Coring Results 
After the specimens were cored and cut, measurements were taken along its 
diameter and height, a total of four measurements each. A height of no less than 5.25-in., 
or a length-to-diameter ratio greater than 1.75, was desired so that no correction for 
compressive strength was necessary, as specified in ASTM C 39. The ends of the newly 
cored cylinders were prepared in accordance to ASTM C 39, using the saw cutting 
method, and tested using the same standard. All specimens were tested in a Universal 
Testing Machine (UTM). Using the maximum load, as determined through testing, 
compressive strength values were calculated using Equation 3-4. A total of three 
cylinders, per mix, were used to determine an average compressive strength value.  
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o P = maximum load applied to the specimen 
o   ̅̅ ̅ = diameter of the specimen being tested, taken as the average of four 
measurements 
Abrasion Resistance Test 
Standardized methods of testing abrasion resistance for conventional concrete are 
unreliable and ineffective when testing pervious concrete, due to the variation in abrasion 
failure mechanisms (Wu et al, 2011) Pervious concrete  has a typical abrasion failure in 
the form of spalling and raveling (Wu et al., 2011). Abrasion resistance testing for 
pervious concrete was derived from abrasion resistance testing of asphalt open-graded 
friction coarse, also known as Cantabro abrasion testing (Wu et al., 2011). This test was 
found to be effective method for testing pervious concrete through a study by Wu et al., 
2011. This dynamic test used an L.A. Abrasion apparatus, with the exclusion of a charge, 
to determine the percentage of mass loss after thee-hundred revolutions. In this research 
we determined the mass loss after 500 revolutions, but analyzed results after only 300 
revolutions. To adequately graph the change in mass with time, readings of the specimens 
mass was taken after every fifty revolutions. Before the mass was recorded, the specimen 
was brushed off of any remaining dust or loose aggregate particles. Breakdown from the 
specimens remained in the L.A. Abrasion apparatus throughout the conclusion of each 
test. Upon completion, the L.A. Abrasion apparatus was cleaned and the next specimen 
was tested. In some cases, at intermediate times during testing, the specimen broke off 
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into two relatively large particles. If this occurred, both specimen weights were recorded, 
but only the larger of the two particles was used to continue testing. This was done so that 
the influence of having two large concrete particles, rather than just one, could be 
neglected. For analysis purposes, the mass loss after 300 revolutions was considered. 
Similar testing is done to determine the abrasion resistance of asphalt open-graded 
friction coarse specimens, where the percent loss is determined from 300 revolutions. To 
maintain consistency the same number of revolutions was chosen when analyzing the 
pervious concrete specimens, which are similar to the asphalt samples in terms of 
porosity (Watson et al, 2003, as cited in Wu et al, 2011; Alvarez et al, 2010, as cited in 
Wu et al., 2011).  This type of dynamic testing was seen to be effective in determining 
the abrasion resistance of pervious concrete specimens (Wu et al., 2011). With the initial 
and final mass of the specimen, after the specified number of revolutions, the mass loss 
could be calculated using Equation 3-5. 
Mass Loss [%] = (
     
  
)      
Equation 3-5 
o    = initial weight of specimen, at zero revolutions 
o    = final weight of specimen, at 300 revolutions (or as specified) 
Statistical Analysis Method 
Statistical analysis was conducted through the use of a computer program, JMP 
Pro 10. Analysis included a comparing of means through a student’s t test. The results 
from this analysis described values that were either statistically similar or statistically 
different. These statistical similarities or differences were determined through the use of 
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designated letters to each factor. In the analysis, the factor corresponding to the letter “A” 
had the largest value. The factor corresponding to the furthest letter away from “A” 
corresponded to the lowest value. In any case where two different factors related to two 
different letters, they were considered statistically different, with their related values 
descending as you receded from “A”. Additionally, in some cases two factors were 
assigned the same letter. In this case the factors were considered statistically similar. 
Lastly, a factor could be assigned two different letters. In this case there is a factor that is 
statistically similar and another factor that is statistically different, differentiated by the 
respective assigned letters.  
As seen in Table 3-7, an example of this analysis is shown. In this example there 
exists a statistical similarity between factors 1 and 2 as well as 2 and 3, as denoted by the 
same letter, respectively. Additionally, there is a statistical difference between 1, 3, and 4, 
as denoted by these factors having different assigned letters. Lastly it can be seen that, 
factor 2 has a statistical similarity between factor 1 and factor 2, being assigned two 
letters. This type of statistical analysis was used to determine trends and define 
conclusive results from this research. 
Table 3-7: Example of Statistical Analysis 
 
Factor 1 2 3 4




CHAPTER IV: EXPERIMENTAL RESULTS AND DISCUSSION 
This research project was divided into two different phases. Phase 1 analyzed the 
characteristics of six different cement paste designs, with the exclusion of any aggregate. 
Each paste design utilized water-to-cement ratios ranging from 0.25 to 0.35 as was tested 
for flow, compressive strength, and flexural strength. Following this phase, Phase 2 
evaluated the properties of pervious concrete mixtures made with three of the pastes 
selected from the Phase 1 analysis.  In Phase 2, porosity, permeability, compressive 
strength, and abrasion resistance were measured for various cement-to-aggregate ratios 
(0.200 to 0.275) for each pervious concrete mix. 
Phase 1: Evaluation of Cement Paste Designs 
Cement Paste Flow 
Workability of the various cement pastes was measured using the flow test in 
accordance with ASTM C 1437. The cement paste used to conduct the flow test was 
derived from the same batch used to create the specimens for compressive and flexural 
strength, ensuring consistency. Each of the six different pastes was evaluated using five 
different water-to-cement ratios for a total of 30 different paste designs overall.   
The flow of each mix increased with an increase in water-to-cement ratio, as seen 
in Figure 4-1. In some cases, the flow was so high that it exceeded the capacity of the 
table, which was 255 mm. The maximum flow value of 255 mm is denoted in Figure 4-1 
with a red dashed line. Flow values that are on this line should be considered as 









Figure 4-1: Effect of Water-to-Cement Ratio on the Flow for Various Paste Designs:   
(a) Control, (b) Superplasticizer, (c) 10% Fly Ash, (d) 10% Fly Ash with 




































































































Pastes that exceeded the table’s capacity included the Control, Superplasticizer, 
10% Fly Ash with Superplasticizer, and the 20% Fly Ash with Superplasticizer mixtures. 
These mixtures exceed the flow table at water-to-cement ratios of 0.350, ≥ 0.275, ≥ 
0.275, and ≥ 0.30, respectively. In some cases, a minimum water-to-cement ratio was 
determined based on the ability of the stand mixer to adequately mix the cement paste. 
When the water-to-cement ratio was less than this minimum value, the mixer seized. This 
occurred for three different mixtures: 10% Fly Ash, 20% Fly Ash, and 20% Fly Ash with 
Superplasticizer. All of these mixtures had a minimum water-to-cement ratio of 0.275 
because a water-to-cement ratio of 0.250 had inadequate water content for proper mixing 
of the cement paste. 
From Figure 4-1, it can be easily seen that there is a direct relationship between 
water-to-cement ratio and flow. Typically the addition of fly ash improves workability 
(Naik and Ramme, 1990), which can be seen in many of the specimens that exceeded the 
capacity of the flow table. It is interesting to note, however, that the three pastes that 
could not be mixed at a water-to-cement ratio of 0.25 all contained fly ash. 
Compressive Strength 
Three cube specimens were made for each paste to test compressive strength after 
curing for 28 days. All specimens were made and tested in accordance with ASTM C 
109. It was hypothesized that there would be an increase in compressive strength with 
decreasing water-to-cement ratio (Mindess et al., 2003). In general, this hypothesized 
relationship was seen in the results illustrated in Figure 4-2. For the Control mixture, this 
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trend occurred only after it had reached an optimal water-to-cement ratio, in which 
enough water is available to yield the highest compressive strength. 
Considering the statistical analysis summarized in Table 4-1, the compressive 
strength values for mixes having a water-to-cement ratio of 0.250 to 0.275 were 
statistically similar to each other. This was also true for the water-to-cement ratios of 
0.325 to 0.350. The only trend that shows a true optimum water-to-cement ratio is the 
Control mix; all other mixes show a gradual decrease in strength with increasing water-
to-cement ratio. This could have occurred because all other mixtures had either the 
addition of fly ash and/or superplasticizer, leading to a decrease in water demand (Naik 
and Ramme, 1990; W.R. Grace & Co., 2007), which resulted in a decrease in optimal 
water-to-cement ratio. Based on this explanation, it can be assumed that the optimal 
water-to-cement ratio could be below 0.25 for these mixtures, so only a decrease in 
compressive strength is seen with increasing water-to-cement ratio for the range 









Figure 4-2: Effect of Water-to-Cement Ratio on Compressive Strength for Different 
Pastes: (a) Control, (b) Superplasticizer, (c) 10% Fly Ash, (d) 10% Fly Ash with 
































































































































































Table 4-1: Connecting Letters Analysis for Compressive Strength of Cement Paste 
(Analysis was Conducted within a Paste Design) 
 
Flexural Strength 
The general trends of flexural strength were expected to be similar to those of 
compressive strength, with respect to water-to-cement ratio. This was expected because 
generally an increase in compressive strength, and tensile strength, is seen with 
decreasing water-to-cement ratio (Mindess et al., 2003). Three specimens were cast and 
using the three-point bending procedure described in ASTM C348 after curing for 28 
days. 
The results of the flexural strength testing possessed a relatively high level of 
variability as indicated by the standard deviation as seen in Figure 4-3. The results 
indicate a general trend for some paste designs, but a consistent trend for all pastes was 
not formulated. Additionally, for the Superplasticizer mixture, the results showed that 
water-to-cement ratio had a statistically insignificant influence on flexural strength. This 
analysis is summarized in Table 4-2. 
0.250 0.275 0.300 0.325 0.350
Control C B A B B
SP A AB BC C D
10% FA A A A A A
10% FA + SP A A BC B B
20% FA - A A B B











Figure 4-3: Effect of Water-to-Cement Ratio on Flexural Strength of Paste Designs:     
(a) Control, (b) Superplasticizer, (c) 10% Fly Ash, (d) 10% Fly Ash with 














































































































































Table 4-2: Connecting Letters Analysis for Flexural Strength of Cement Paste 
(Analysis was Conducted within a Paste Design) 
 
 
Upon conclusion of testing and analysis for Phase 1, three paste designs were 
selected to be used in the pervious concrete designs in Phase 2. The optimum water-to-
cement ratio for each paste was determined based on the results of compressive strength 
testing. In pervious concrete, the compressive strength of the paste is an important factor, 
when good aggregate is used, because the strength of the aggregate is typically higher 
than that of the cement paste (Chindaprasirt et al, 2008). Typical failure patterns in 
pervious concrete show that the cement paste fails, rather than the aggregate 
(Chindaprasirt et al., 2008), giving reason to selecting compressive strength as the 
controlling factor. These pastes included the Control (W/C=0.300), Superplasticizer 
(W/C =0.250), and the 20% Fly Ash with Superplasticizer (W/C=0.275) mixture. 
Phase 2: Evaluation of Pervious Concrete Mixtures 
The data analysis for Phase 2 was conducted in three ways to more thoroughly 
understand the meaning of the results. For the first analysis method, the influence of paste 
content was examined for a particular paste and aggregate source. The second analysis 
0.250 0.275 0.300 0.325 0.350
Control A B C C D
SP A A A A A
10% FA - AB B B A
10% FA + SP A AB B B B
20% FA - AB B AB A





examined the influence of paste design, within each respective aggregate source. Lastly, 
the third analysis compared the effect of aggregate source of the properties of the 
pervious concrete.  
Fresh Unit Weight of Pervious Concrete Mixtures 
After mixing, the unit weight of each pervious concrete mix was measured using 
the procedure described in Chapter 3. The results of the fresh unit weight testing are 
included in Figure 4-4 and indicate that, with the exception of the 20% Fly Ash with 
Superplasticizer, an increase in cement to aggregate ratio generally leads to an increase in 
unit weight. For the 20 % Fly Ash with Superplasticizer, there was generally an increase 
in unit weight between the cement-to-aggregate ratios of 0.200 and 0.225. For the 
intermediate cement-to-aggregate ratios (C/A=0.225 to 0.250), a decrease in unit weight 
generally occurred. When the cement-to-aggregate ratio then increased from 0.250 to 
0.275, the unit weight increased again. This trend was clearly different than that exhibited 








 (c)  
Figure 4-4: Unit Weight of Pervious Concrete Mixes Made With:                                  



































































Influence of Cement-to-Aggregate Ratio 
Porosity 
Porosity was hypothesized to decrease with increasing cement-to-aggregate ratio. 
This trend was hypothesized because an increase in cement paste content would occupy 
more volume within the pervious concrete structure, therefore, reducing the volume of 
pores. 
The porosity results are summarized in Figures 4-5 through 4-7 and the Control 
and Superplasticizer mixtures resulted in a decrease in porosity with increasing cement-
to-aggregate ratio, an inverse relationship. While the Control and Superplasticizer 
mixtures showed this trend, only the Superplasticizer mixture exhibited statistically 
different porosity values for each respective cement-to-aggregate ratio (Table 4-3). These 
trends were consistent for all three aggregate sources included in this study. 
In contrast, the 20% Fly Ash with Superplasticizer mixture showed a very 
different trend than the other mixtures. This mixture generally showed no significant 
influence on porosity when the cement-to-aggregate ratio was varied. After analyzing the 
data, it was found that the highest porosity value did not correlate to the lowest cement-
to-aggregate ratio and vice-versa, as it did in the other two mixtures. This generally 
insignificant influence of the cement-to-aggregate ratio on the porosity for the 20% Fly 
Ash with Superplasticizer mix was seen for all three aggregate sources. 
The different trend for the 20% Fly Ash with Superplasticizer mixture, needs to 
be further analyzed, but is hypothesized to have occurred due to the increased flow of the 
paste used for this mixture relative to the other mixes summarized in Figure 4-1. The high 
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flow of the paste (or reduced viscosity) could potentially cause the paste to flow off of the 
aggregate particles instead of building up around them. These results also reflect the 
trends in unit weight presented in Figure 4-4 where the unit weight of the Control and 
Superplasticizer mixes generally increased with cement-to-aggregate ratio while the 20% 









Figure 4-5: Effect of Paste Content on Porosity for Aggregate A:                                   






















































 (c)  
Figure 4-6: Effect of Paste Content on Porosity for Aggregate B:                                    























































 (c)  
Figure 4-7: Effect of Paste Content on Porosity for Aggregate C:                                   

















































Table 4-3: Influence of Paste Content Connecting Letters Analysis for Porosity 
(Analysis was Conducted within an Aggregate Source for a given Paste Design)  
 
Permeability 
The permeability was hypothesized to decrease with increasing cement-to-
aggregate ratio. This decrease in permeability should be seen due to the increase in 
volume occupied by cement paste, which was shown to influence porosity in most cases.  
The permeability results are included in Figures 4-8 through 4-10. As 
hypothesized, an inverse relationship between the cement-to-aggregate ratio and 
permeability was shown for both the Control and Superplasticizer mixtures. This trend 
was expected due to the higher paste content concrete leading to smaller, and more 
obstructed, interconnected voids (lower porosity). For the Control and Superplasticizer 
mixtures the cement-to-aggregate ratios of 0.200 and 0.275 were significantly different 
(Table 4-4), with the ratio of 0.200 and 0.275 resulting in the highest and lowest 
permeability, respectively. This was consistent for all three aggregate sources. While this 
Control Superplasticizer
20% Fly Ash 
with 
Superplasticizer
0.200 A A B
0.225 B B C
0.250 C C A
0.275 C D AB
0.200 A A B
0.225 B A C
0.250 BC B A
0.275 C C B
0.200 A A AB
0.225 B B B
0.250 C C AB






































trend existed for the Control and Superplasticizer mixtures, only in the Control mixture 
did each cement-to-aggregate ratio result in a statistically different permeability as 
indicated by the different connecting letters in Table 4-4 (for Aggregates A and B).  
For the 20% Fly Ash with Superplasticizer mixture, the trend was different than 
that seen by the Control and Superplasticizer mixtures. Statistically insignificant 
differences were seen in the permeability when the cement-to-aggregate ratio was varied. 
Between the four different cement-to-aggregate ratios tested, three of them (0.200, 0.250, 
and 0.275) resulted in a statistically similar permeability values, that were greater than 
the permeability of the mixture having a cement-to-aggregate ratio of 0.225. The trend 
lines shown in Figure 4-8(c) through 4-10(c) indicate little influence across the range of 
cement-to-aggregate ratios studied. The variation seen in this trend, by the 20% Fly Ash 
with Superplasticizer mixture compared to the Control and Superplasticizer mixes is 










 (c)  
Figure 4-8: Effect of Paste Content on Permeability for Aggregate A:                             










































































 (c)  
Figure 4-9: Effect of Paste Content on Permeability for Aggregate B:                            
(a) Control, (b) Superplasticizer, (c) 20% Fly Ash with Superplasticizer 
 












































































Figure 4-10: Effect of Paste Content on Permeability for Aggregate C:                          



































































Table 4-4: Influence of Paste Content Connecting Letters Analysis for Permeability 
(Analysis was Conducted within an Aggregate Source for a given Paste Design) 
  
 
Correlation between Porosity and Permeability 
A direct exponential relationship between porosity and permeability was 
determined across all of the paste designs, as seen in Figure 4-11. The influence of paste 
design type is minimal, but does exist, leading to slightly different trends. Trend line 
equations for the three pastes are summarized in Table 4-5. 
 
Control Superplasticizer
20% Fly Ash 
with 
Superplasticizer
0.200 A A A
0.225 B B B
0.250 C B A
0.275 D C A
0.200 A A A
0.225 B A C
0.250 C B A
0.275 D C B
0.200 A A A
0.225 B B B
0.250 B C A







































Figure 4-11: Correlation between Porosity and Permeability 
Table 4-5: Trend Line Equations for the Correlation between Permeability and Porosity 
Mixture (All Specimens) Trend Line Equation R²  
Control  y = 11.982e0.1484x 0.83 
Superplasticizer y = 26.715e0.1283x 0.88 
20% Fly Ash with Superplasticizer y = 40.068e0.114x 0.75 
Compressive Strength 
A direct relationship was hypothesized between cement-to-aggregate ratio and 
compressive strength, based on the results of a study by Lian and Zhuge (2010). In that 
study the permeability rate was found to have an inverse relationship with compressive 
strength (Lian and Zhuge, 2010). Due to the inverse relationship between permeability 
and cement-to-aggregate ratio (Figures 4-8 through 4-10), an increase in compressive 
strength with increasing cement-to-aggregate ratio was hypothesized.  
After analyzing the compressive strength results in Figures 4-12 through 4-14, it 
can be seen that the Control and Superplasticizer mixtures followed a similar trend—
increasing compressive strength with cement-to-aggregate ratio. The statistical analysis 


























20% FA + SP All
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cement-to-aggregate ratios of 0.225 and 0.250, while statistical differences were 
generally seen between the cement-to-aggregate ratios of 0.200 and 0.275 (Table 4-6). 
For the 20% Fly Ash with Superplasticizer mixture, the trend seen in the Control 
and Superplasticizer mixtures was not apparent. There was a slight trend of decreasing 
compressive strength with increasing cement-to-aggregate ratio, however the differences 
were generally not significant across the range of cement-to-aggregate ratios evaluated. 
The highest compressive strength value was seen for the cement-to-aggregate ratio of 
0.225 and the lowest compressive strength value resulted from both the cement-to-










 (c)  
Figure 4-12: Effect of Paste Content on Compressive Strength for Aggregate A:               
























































































 (c)  
Figure 4-13: Effect of Paste Content on Compressive Strength for Aggregate B:           
(a) Control, (b) Superplasticizer, (c) 20% Fly Ash with Superplasticizer 
 























































































 (c)  
Figure 4-14: Effect of Paste Content on Compressive Strength for Aggregate C:           



















































































Table 4-6: Influence of Paste Content Connecting Letters Analysis                                
for Compressive Strength 
(Analysis was Conducted within an Aggregate Source for a given Paste Design) 
 
 
As with the permeability results, the 20% Fly Ash with Superplasticizer mixture 
differed from the Control and Superplasticizer mixtures, but again followed the trends 
resulting from the unit weight and porosity results. This mixture had relatively high 
variability and generally a negligible relationship between cement-to-aggregate ratio and 
compressive strength. 
A typical break pattern for compressive strength testing in this study is depicted in 
Figure 4-15. Cylinder failure modes typically followed a Type 2 break pattern, as 
described in ASTM C 39, with the top section breaking into two pieces. The bottom cone 
section was still apparent, in terms of visual observation from the top section, but 
typically crumbled apart. Upon analysis of the tested cylinders, there was an apparent 
difference in observed paste content along the height of the specimens. Figure 4-16 
Control Superplasticizer
20% Fly Ash 
with 
Superplasticizer
0.200 B C AB
0.225 AB B A
0.250 AB AB B
0.275 A A B
0.200 A B B
0.225 A B A
0.250 A B B
0.275 A A B
0.200 C B A
0.225 BC AB A
0.250 AB AB A






































shows this differential paste content (and thus porosity) with height observation which 
needs to be further examined. This figure is one of the more severe cases seen in this 
study, but used here to better visualize the uneven distribution of paste content and 
porosity throughout the depth of the specimen. Typically, in practice there is a vertical 
porosity distribution, where the porosity is lowest at the top, average at the center, and 
greatest at the bottom of a slab (Haselbach and Freeman, 2006). This uneven paste 
distribution could be the result of the compaction efforts during casting. Compacting in 
one lift may have led to differential compaction along the specimen’s height. 
Additionally, the dynamic action of the standard proctor hammer may have driven the 









Figure 4-16: Example of Specimen’s Differential Cement Paste Distribution with Height 
 
Correlation between Porosity and Compressive Strength 
The trends defined, for the different paste designs, for porosity and compressive 
strength all possess inverse relationships. Among the three paste designs, it is apparent 
that they have a large influence on this relationship. A summary of this relationship is 










Figure 4-17: Correlation between Porosity and Compressive Strength 
Table 4-7: Trend Line Equations for the Correlation between Porosity and Compressive 
Strength  
Mixture (All Specimens) Trend Line Equation R²  
Control  y = 13076e
-0.087x
 0.64 
Superplasticizer y = 33036e
-0.114x
 0.83 




 The trends hypothesized for abrasion resistance were expected to be similar to 
that of the compressive strength testing, where the abrasion resistance would increase 
with cement-to-aggregate ratio.  
The abrasion resistance testing of the Control and Superplasticizer mixtures 
showed a general trend of decreasing mass loss with increasing cement-to-aggregate ratio 
(Figures 4-18 to 4-20). As seen in Table 4-8, while there was a statistical difference 
across the range of cement-to-aggregate ratios tested, a statistical difference resulted 
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cement-to-aggregate of 0.200 and 0.275 yielded the highest and lowest percentage of 
mass loss, respectively. 
The general trend seen for the 20% Fly Ash with Superplasticizer mixture 
opposes that seen in the other two mixtures, but parallels in response to the results of unit 
weight testing (Figure 4-4) as common throughout this analysis. Where the Control and 
Superplasticizer mixtures showed a decrease in mass loss with increasing cement-to-
aggregate ratio, the 20% Fly Ash with Superplasticizer mixture shows an initial decrease 
(C/A= 0.20 to 0.225) than an increase (C/A= 0.250 to 0.275) in mass loss with increasing 
cement-to-aggregate ratio. 
Typical results from abrasion resistance testing, from the Control and 
Superplasticizer mixtures, are depicted in Figure 4-21. This image shows the gradual 
increase in mass loss, after 300 revolutions in an L.A. Abrasion machine, with increasing 
cement-to-aggregate ratio. This specific image is derived from Aggregate A using the 
Control mixture. Generally, for the 20% Fly Ash with Superplasticizer mixture, the 
specimens possessed a similar rounded shape as those depicted, but maintained a 









 (c)  
Figure 4-18: Effect of Paste Content on Mass Loss (300 Revolutions) for Aggregate A: 



























































 (c)  
Figure 4-19: Effect of Paste Content on Mass Loss (300 Revolutions) for Aggregate B: 
(a) Control, (b) Superplasticizer, (c) 20% Fly Ash with Superplasticizer 
 
























































 (c)  
Figure 4-20: Effect of Paste Content on Mass Loss (300 Revolutions) for Aggregate C: 





















































Table 4-8: Influence of Paste Content Connecting Letters Analysis                                
for Abrasion Resistance 





Figure 4-21: Typical Result of Abrasion Resistance Testing; Reduced Cement-to-
Aggregate Ratio from Left to Right 
The general trends seen for Aggregate B (Figure 4-19) and Aggregate C (Figure 
4-20), compare similarly to that of Aggregate A, with the exception of the Control 
mixture with Aggregate B. The mass loss for this mixture showed a negligible influence 
(statistically similar values between all specimens) of cement-to-aggregate ratio on mass 
loss. While there were statistical differences between the cement-to-aggregate ratios 
Control Superplasticizer
20% Fly Ash 
with 
Superplasticizer
0.200 A A AB
0.225 B B B
0.250 BC C A
0.275 C D A
0.200 A A AB
0.225 A B C
0.250 A C A
0.275 A C BC
0.200 A A AB
0.225 B B B
0.250 B BC A






































studied, for all of the other Control and Superplasticizer mixtures there was generally a 
statistical difference between the cement-to-aggregate ratios of 0.200 and 0.275. These 
ratios, respectively, relate to the highest and lowest mass loss values for abrasion 
resistance. Overall, it was generalized that there was an inverse relationship, between 
cement-to-aggregate ratio and mass loss, for the Control and Superplasticizer mixtures. 
For the 20% Fly Ash with Superplasticizer, there was not a statistical significance in the 
mass loss across the various cement-to-aggregate ratios studied. This statistical 
insignificance follows the same relationship as that for compressive strength, which was 
hypothesized to occur. The variation, which again needs to be further examined, is 





Correlation between Porosity and Abrasion Resistance 
As seen in Figure 4-22, the relationship between porosity and mass loss is 
generally similar to that of porosity and permeability, both being directly related. In this 
trend the Superplasticizer and 20% Fly Ash with Superplasticizer mixtures had nearly 
identical trend lines, with the Control mixture resulting in a trend line with values slightly 
higher than the other two mixtures. The trend line equations, for this relationship, are 
summarized in Table 4-9. 
 
Figure 4-22: Correlation between Porosity and Mass Loss 
Table 4-9: Trend Line Equations for the Correlation between Porosity and Mass Loss 
Mixture (All Specimens) Trend Line Equation R²  
Control  y = 1.743e
0.1021x
 0.81 
Superplasticizer y = 1.1406e
0.1091x
 0.91 
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Cement Paste (Film) Thickness  
Through the previous analysis, it can easily be seen that the Control and 
Superplasticizer mixtures follow similar trends, while the 20% Fly Ash with 
Superplasticizer differs in trend. These opposing trends follow the results from unit 
weight testing (Figure 4-4). Furthermore, the trend set out through unit weight testing 
details an increase in unit weight across the cement-to-aggregate ratios of 0.200 to 0.225 
and 0.250 to 0.275. The opposition occurs between the cement-to-aggregate ratios of 
0.225 to 0.250, were a decrease in unit weight is seen. This trend of increase-decrease-
increase is seen throughout all of the properties tested in this study. It was hypothesized 
that these dissimilar trends could be attributed to paste thickness around the aggregate 
particles, differing between the various pastes.  
Further testing of the specimens was conducted to examine the film thickness 
between the Control and 20% Fly Ash with Superplasticizer mixtures. The 
Superplasticizer mixture was excluded from this analysis due to its behavioral similarities 
to the Control mixture, leading to the adequacy of examining only one. Furthermore, only 
the sample set with Aggregate A was examined. Only one aggregate source was used due 
to the similarity in trends across the various properties. While the inherent property 
values differ, the overall trends generally maintained consistency. 
Specimens, one from each cement-to-aggregate ratio, from the Control and 20% 
Fly Ash with Superplasticizer mixtures using Aggregate A were examined, making a 
total of eight specimens. Using the previously cast cylinders that were cored to conduct 
compressive strength testing, new specimens for this examination were obtained. The 
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cored specimen was saw cut, resulting in a representative vertical cross section of each 
specimen (Figure 4-23). The saw cut specimens were then polished to make a clean and 
clear surface for examination. Microscopic examination, to determine film thickness, was 
unsuccessful due to the lack of a pigmented cement paste. A scan of each specimen was 
taken in lieu of microscopic images. Through these scanned images, as seen in Figure 4-
24 and Figure 4-25, a visual behavior of the different pastes, with respect to cement-to-
aggregate ratio, can be determined. The Control specimens (Figure 4-24) show an 
obvious increase in film thickness around the aggregates, which supports the trends 
previously described when the effect of paste content on the properties of pervious 
concrete was examined. This increase in film thickness with increasing cement-to-
aggregate ratio generally led to a decrease in permeability, decrease in porosity, increase 
in compressive strength, and increase in abrasion resistance. Visually, the 20% Fly Ash 
with Superplasticizer mixture specimens do not match that of the Control mixture. The 
20% Fly Ash with Superplasticizer mixture (Figure 4-25) does not show the increase in 
film thickness that the Control mixture did. Across the four cement-to-aggregate ratios 
tested, the film thickness generally remains constant, confirming the hypothesis made 
throughout the examination on the effect of paste content on pervious concrete properties. 
A more in-depth analysis is needed to confirm these observations, but from a purely 
















Figure 4-24: Qualitative Analysis of Control Specimens:                                                







Figure 4-25: Qualitative Analysis of 20% Fly Ash with Superplasticizer Specimens:     




This consistent film thickness is attributed to the increase in flow by the addition 
of fly ash as seen in the results of the flow test in Phase 1 (Figure 4-1). Generally, for the 
same water-to-cement ratio, an increase in workability is seen with increased fly ash 
replacement (Naik and Ramme, 1990).  This increased workability led to a consistent 
film thickness, independent of cement-to-aggregate ratio. Unlike the other paste designs 
in which a stiffer mixture was developed, leading to an increase in film thickness with 
increasing cement-to-aggregate ratio, the 20% Fly Ash with Superplasticizer mixture had 
a lower viscosity and was unable to build up its film thickness. This consistent film 
thickness, with the 20% Fly Ash with Superplasticizer, was attributed to the generally 




Influence of Paste Design 
Porosity 
 As seen in Figure 4-26, the porosity trends followed a pattern similar to that of 
permeability. Initially, for the cement-to-aggregate ratios of 0.200 and 0.225, the highest 
porosity was seen in the Control and Superplasticizer mixtures, both being statistically 
similar. A shift was seen when analyzing the data for the cement-to-aggregate ratios of 
0.250 and 0.275. At these higher cement-to-aggregate ratios, the highest porosity was 
seen in the 20% Fly Ash with Superplasticizer mixture. This mixture surpassed the other 
mixtures, in terms of porosity rate, due to the generally consistent film thickness as 
determined through the qualitative analysis, as seen in Figure 4-25. The Control and 
Superplasticizer mixtures possessed a stiffer cement paste, which allowed for the 
development of a thicker film with increasing cement-to-aggregate ratio, and therefore 
lower porosity. Through the analysis summarized in Table 4-10, the shift in trend for 
permeability and porosity can generally be considered similar in action across the three 









Figure 4-26: Effect of Paste Design on Porosity:                                                                


























































Table 4-10: Influence of Paste Type Connecting Letters Analysis for Porosity 




Through analysis of the permeability results shown in Figure 4-27, a general shift 
in trend occurred, similar to that seen when comparing porosity (Figure 4-26), across the 
different cement pastes, when the cement-to-aggregate ratio was varied. Initially, at 
cement-to-aggregate ratios of 0.200 to 0.225, the Superplasticizer mixture resulted in the 
highest permeability values. Lastly, for the cement-to-aggregate ratios of 0.250 and 
0.275, the general trend shifted from its initial state. The 20% Fly Ash with 
Superplasticizer mixture then resulted in the higher of the permeability. This mixture 
surpassed the other mixtures, in terms of permeability, due to the generally consistent 
film thickness (Figure 4-25) created by the low viscosity paste, as previously stated. The 
0.200 0.225 0.250 0.275
C A A C B
SP A AB B B
20% FA + SP B B A A
C A B B B
SP A A B B
20% FA + SP A B A A
C A A B B
SP A A B B


































Control and Superplasticizer mixtures possessed a stiffer cement paste, which allowed for 
the development of a thicker film thickness, and therefore lower permeability rates. 
Additionally, while the analysis showed a similarity between the statistical significance 
of the values determined with the specimens relating to cement-to-aggregate ratios of 
0.250 and 0.275, the separation between the different mixtures seemed to be increasing 
with increasing cement-to-aggregate ratio. Overall, it can be seen that the paste design 
does influence permeability, in conjunction with paste content. The statistical analysis for 









Figure 4-27: Effect of Paste Design on Permeability:                                                      













































































Table 4-11: Influence of Paste Type Connecting Letters Analysis for Permeability 





The general trend for compressive strength values, across the different paste 
designs, is shown in Figure 4-28. These figures show the 20% Fly Ash with 
Superplasticizer mixture resulting in the highest compressive strength for the cement-to-
aggregate ratios of 0.200 and 0.225. The increased strength in this mixture was expected 
due to fly ash mixtures generally having higher strengths than those mixtures without fly 
ash (Naik and Ramme, 1990). After, for the cement-to-aggregate ratios of 0.25 and 0.275, 
the Superplasticizer mixture overtook the other mixtures in highest compressive strength. 
The factors that led to the Control and 20% Fly Ash with Superplasticizer mixtures 
reduction in strength, as compared to the Superplasticizer mixture, are very different. The 
0.200 0.225 0.250 0.275
C A A C C
SP A A B B
20% FA + SP B A A A
C B B C B
SP A A B B
20% FA + SP B B A A
C B B B B
SP A A B B

































Control mixture had lower strength than the Superplasticizer mixture, due to the necessity 
of a higher water-to-cement ratio. Due to the paste strength being a major factor in 
pervious concrete strength (Chindaprasirt et al., 2008), it can be seen why the lower 
flexural strength of the paste (Figure 4-3) resulted in a lower compressive strength of the 
pervious concrete mixture. Due to the shearing action to the matrix, when subjected to a 
compressive load, flexural strength of the paste was seen to control. Through Figure 4-2 
it can be seen that the compressive strength of the Control paste (water-to-cement 
ratio=0.30) was greater than that of the Superplasticizer paste (water-to-cement 
ratio=0.25), but after analysis of the compressive strength of the pervious concrete 
mixtures using these paste designs, it was determined that the failure mode was more of 
shearing than that of pure compression. This failure mode leads to the necessity for 
adequate tensile strength, which is more represented by the flexural strength. The 20% 
Fly Ash with Superplasticizer mixture theoretically had a higher strength paste, as 
compared to the Superplasticizer mixtures paste, but because of its reduced film thickness 
around the aggregate particle, as described in the qualitative analysis of film thickness 
(Figure 4-25); it also resulted in inferior compressive strength values. Through the 













Figure 4-28: Effect of Paste Design on Compressive Strength:                                     




























































































Table 4-12: Influence of Paste Type Connecting Letters Analysis for             
Compressive Strength 
(Analysis was Conducted within an Aggregate Source for a given                         




The mass loss during the abrasion resistance testing, as seen in Figure 4-29, 
showed another general shift. For the lower cement-to aggregate ratios, ≤0.225, the 20% 
Fly Ash with Superplasticizer mixture retained the higher percentage of mass, which 
indicates better performance. For all of the aggregate sources, with a cement-to-aggregate 
ratio ≥0.250, the Control and 20% Fly Ash with Superplasticizer generally produced 
statistically similar results, fairing far worse than the Superplasticizer mixture. The 
reason behind this trend is similar to that previously described for compressive strength, 
where the reduced viscosity of the 20% Fly Ash with Superplasticizer mixture led to a 
0.200 0.225 0.250 0.275
C B B A AB
SP B AB A A
20% FA + SP A A A B
C B AB A A
SP B B A A
20% FA + SP A A A A
C B A A AB
SP B A A A

































reduced film thickness, and therefore reduced bond between the aggregate particles. This 









Figure 4-29: Effect of Paste Design on Abrasion Resistance:                                             





























































Table 4-13: Influence of Paste Type Connecting Letters Analysis for                   
Abrasion Resistance 
(Analysis was Conducted within an Aggregate Source for a given                                
Cement-to-Aggregate Ratio)  
 
0.200 0.225 0.250 0.275
C A A AB A
SP A B B B
20% FA + SP B C A A
C A A A A
SP A B B C
20% FA + SP A C A B
C A A A A
SP AB B B B


































Influence of Aggregate Source 
Porosity 
For the porosity analysis Aggregate B consistently resulted in the highest 
porosity. Aggregate A and Aggregate C were generally significantly similar in value, but 
consistently possessed the lowest porosity than Aggregate B. Aggregate C trends are 
assumed to be attributed to the increase in actual paste due to the use of a design 
aggregate absorption of 0.8%, as opposed to the actual aggregate absorption of 0.5%. 
While the design and actual absorption values for Aggregate A and B were similar, it was 
assumed that the particle shape of Aggregate B, led to a generally greater porosity that 
Aggregate A. This trend is described in the statistical analysis summarized in Table 4-14.  
Table 4-14: Influence of Aggregate Source Connecting Letters Analysis for Porosity 




0.200 0.225 0.250 0.275
Agg. A B B B B
Agg. B A A A A
Agg. C B C B B
Agg. A B B B B
Agg. B A A A A
Agg. C B C C C
Agg. A B B B B
Agg. B A A A A











Considering the Control mixture across the different aggregate sources, a general 
trend was seen, as summarized in Figure 4-30. This figure also shows the direct 
correlation between porosity and permeability (Figure 4-30). This trend showed 
Aggregate B returning the highest permeability and Aggregate C returning the lowest 
permeability. Initially, for the cement-to-aggregate ratios of 0.200 and 0.225, Aggregate 
A and Aggregate B returned statistically similar results, but for the higher cement-to-
aggregate ratios, Aggregate B surpassed Aggregate A. Consistently, Aggregate C 
returned the lowest permeability. Aggregate C was assumed to have lower permeability 
values due to the assumed aggregate absorption of 0.8%, compared to the actual 
aggregate absorption of 0.5%. This created a larger volume of cement paste, which 
reduced permeability. Overall, the each respective aggregate source did influence the 
performance of the pervious concrete mixture, but generally followed the same trend. 









Figure 4-30: Effect of Aggregate Source on Permeability Correlation to Porosity:            















































































Table 4-15: Influence of Aggregate Source Connecting Letters Analysis for Permeability 
(Analysis was Conducted within a Paste Design for a given Cement-to-Aggregate Ratio)  
 
 
0.200 0.225 0.250 0.275
Agg. A A A B B
Agg. B A A A A
Agg. C B B C B
Agg. A A B A A
Agg. B A A A A
Agg. C B C B B
Agg. A B A A A
Agg. B A A A A
Agg. C C B B B
SP









In terms of compressive strength, as seen in Figure 4-31, generally a statistical 
similarity was found across the different aggregate sources. For the cement-to-aggregate 
ratios of 0.200 and 0.225, all aggregate sources were generally statistically similar, 
showing that aggregate source had a negligible influence on compressive strength. 
Additionally, for the cement-to-aggregate ratios of 0.250 to 0.275 a shift occurred from 
the initial trend. Towards these higher cement-to-aggregate ratios Aggregate B typically 
resulted in lower compressive strength values, which was again assumed to be attributed 
to the particle shape, similar to that for porosity. In this case, while Aggregate B had a 
lower L.A. Abrasion value than Aggregate A, the assumed influence of the particle shape 
controlled the compressive strength rather than pure aggregate strength. For these higher 
cement-to-aggregate ratios Aggregate A and Aggregate C generally resulted in 
statistically similar strengths that were greater than Aggregate B. Again, this result was 
assumed to be attributed to the particle shape of Aggregate B, leading to a decrease in 
compressive strength, as compared to the other aggregate sources.  Overall, it was again 
seen that the aggregate source influenced the performance of the pervious concrete 
mixture but still retained a similar trend, as seen through the effect of aggregate source on 
porosity (Figure 4-30). This shift in trend is described through the statistical analysis, as 










Figure 4-31: Effect of Aggregate Source on Compressive Strength Correlation to Porosity: 



























































































Table 4-16: Influence of Aggregate Source Connecting Letters Analysis for 
Compressive Strength 




The abrasion resistance showed a general trend, as seen in Figure 4-32, with one 
aggregate source showing different results than the other two. For the Control mixture, 
with a cement-to-aggregate ratio of 0.200, there was statistical similarity across all of the 
aggregate sources, showing negligible influence of aggregate source on abrasion 
resistance. Beyond this point Aggregate B faired far worse than that of Aggregate A or 
Aggregate C, for similar reasons to that for its reduced compressive strength. Overall, the 
results show that Aggregate B produced a higher percentage of mass loss, which was 
assumed to be attributed to its particle shape. Generally, Aggregate A and Aggregate C 
produced statistically similar results, which were generally lower than that of Aggregate 
B. The trends of abrasion resistance testing (Figure 4-32) compare similarly to that of 
compressive strength testing (Figure 4-31). Statistical analysis, as summarized in Table 
4-17, shows that there is an influence on abrasion resistance by aggregate source. 
0.200 0.225 0.250 0.275
Agg. A A A AB AB
Agg. B A A B B
Agg. C A A A A
Agg. A A A A AB
Agg. B A A B B
Agg. C A A A A
Agg. A A A B AB
Agg. B B A C B
Agg. C A A A A















Figure 4-32: Effect of Aggregate Source on Mass Loss Correlation to Porosity:            





























































Table 4-17: Influence of Aggregate Source Connecting Letters Analysis for         
Abrasion Resistance 





0.200 0.225 0.250 0.275
Agg. A A B B C
Agg. B A A A A
Agg. C A B B B
Agg. A B B B B
Agg. B A A A A
Agg. C B B B B
Agg. A B B B B
Agg. B A A A A
Agg. C B B B B
SP








CHAPTER V: SUMMARY, CONCLUSIONS, AND RECCOMENDATIONS 
Summary 
This research was divided into two different phases. Phase 1 examined the 
properties of six different paste designs having water-to-cement ratios ranging from 0.25 
to 0.35. The influence of water-to-cement ratio on the properties (flow, compressive 
strength, and flexural strength) of the different pastes was examined. Upon conclusion of 
this phase, three cement paste designs were included in the Phase 2 investigation. The 
controlling factor for the water-to-cement ratio, which was used when designing the 
pervious concrete mixtures for Phase 2, was compressive strength. The three paste 
designs, which were chosen from Phase 1, included the Control, Superplasticizer, and 
20% Fly Ash with Superplasticizer mixtures. Phase 2 examined the influence of cement-
to-aggregate ratio, paste design, and aggregate source on pervious concrete. Various 
properties (porosity, permeability, compressive strength, and abrasion resistance) were 
examined for all pervious concrete mixtures which included the use of four cement-to-
aggregate ratios (0.200, 0.225, 0.250, and 0.275).  
Conclusion 
The conclusions of this research are based solely on the various materials and 
properties tested in this study. This research shows the influence of cement paste on the 
performance of pervious concrete mixtures. This study provides more understanding of 
some of the factors that influence pervious concrete. Based on the results of this study, 
the following conclusions can be made: 
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1. With increasing water-to-cement ratio, an increase in flow was seen for all paste 
designs studied. The addition of superplasticizer and/or fly ash generally led to an 
increase in flow, for a given water-to-cement ratio. 
2. The optimum compressive strength seen for the Control mixture was not seen in any 
other mixtures. For all other mixtures the lowest water-to-cement ratio examined in 
this study led to the highest compressive strength. It was assumed that the addition of 
superplasticizer and/or fly ash caused a shift in optimum compressive strength, to a 
water-to-cement ratio lower than that examined in this study. 
3. Flexural strength generally decreased with increasing water-to-cement ratio. The 
exception, however, was the 10% Fly Ash and 10% Fly Ash with Superplasticizer 
which showed a pessimism water-to-cement ratio. 
4. Tests for unit weight of the fresh pervious concrete show a general increase in unit 
weight with increasing cement-to-aggregate ratio for the Control and Superplasticizer 
mixtures. The 20% Fly Ash with Superplasticizer mixtures follow a different trend 
with a gradual increase from cement-to-aggregate ratio of 0.200 to 0.225, then a 
decrease from a cement-to-aggregate ratio of 0.225 to 0.250, and lastly an increase 
from a cement-to-aggregate ratio of 0.250 to 0.275. 
5. Porosity was seen to decrease with increasing cement-to-aggregate ratio, for the 
Control and Superplasticizer mixture. The 20% Fly Ash with Superplasticizer 
mixtures did not show a similar trend, but rather remained relatively consistent for all 
cement-to-aggregate ratios.  
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a. The relatively stable value shown for all cement-to-aggregate ratios for the 
20% Fly Ash with Superplasticizer is generally consistent with the average 
value of the other mixtures for all cement-to-aggregate ratios. 
b. Aggregate source did influence the performance of pervious concrete, but the 
same trend was followed independent of aggregate source. 
6. Film Thickness was seen to vary between the different paste designs examined in 
Phase 2, through qualitative analysis. The Control and Superplasticizer mixtures were 
able to develop thicker paste thicknesses around the aggregate with increasing 
cement-to-aggregate ratio. However, the 20% Fly Ash with Superplasticizer mixture 
generally maintained a consistent film thickness, independent of cement-to-aggregate 
ratio, due to the low viscosity of the paste. 
7. All other examined properties, and their related trends, were highly dependent on 
porosity. 
8. Permeability was related directly to porosity. The Control and Superplasticizer 
mixtures generally resulted in an inverse relationship with cement-to-aggregate ratio. 
The 20% Fly Ash with Superplasticizer mixture resulted in a nearly constant 
permeability, which closely related to the average value of that seen across all of the 
cement-to-aggregate ratios tested for the other mixtures. 
a. Similar to the porosity trends, aggregate source did influence the properties of 
the pervious concrete mixture, but similar trends were still followed 
independent of aggregate source. 
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9. Compressive strength generally increases, for the Control and Superplasticizer 
mixtures, directly with cement-to-aggregate ratio. The 20% Fly Ash with 
Superplasticizer did not follow the trends of the other two mixtures but generally 
remained constant, typically at an average value of all specimens tested for the other 
two mixtures. 
a. Through the results, it can be seen that the pervious concrete mixture that 
resulted in the higher compressive strength, did not correlate to the paste with 
the highest compressive strength. Flexural strength of paste was seen to be a 
more representative test to relate to pervious concrete compressive strength. 
These results could be attributed to the failure mechanism of pervious 
concrete, which is unlike traditional concrete.  
b. Similar to the porosity and permeability trends, aggregate source influenced 
the performance of the pervious concrete mixture, but the same trend was 
followed independent of aggregate source. 
10. Generally, an inverse relationship is seen for mass loss for the Control and 
Superplasticizer mixtures in relation to cement-to-aggregate ratio. For the 20% Fly 
Ash with Superplasticizer mixture, this trend is not seen. Generally, this mixture 
maintains a consistent value, independent of cement-to-aggregate ratio, which is close 
to the average of the values seen by the other mixtures throughout the range of 
cement-to-aggregate ratios tested, similar to the other properties examined. 
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a. Mass loss directly correlated to porosity. Aggregate source influenced the 
performance of the pervious concrete mixture, but still followed the same 
trend, independent of aggregate source. 
11. The contributing factors to the differentiating trend of the 20% Fly Ash with 
Superplasticizer mixture, as opposed to the Control and Superplasticizer mixtures, 
was determined to be the film thickness, based on qualitative analysis. 
a. Unlike the Control and Superplasticizer mixtures, the 20% Fly Ash with 
Superplasticizer mixture was unable to develop an increase in film thickness 
around the aggregate with increasing cement-to-aggregate ratio, due to the 
low viscosity of the paste. This led to, what is being considered, a generally 
consistent film thickness around the aggregate particles. This finding can also 
be used to describe the variation in trend seen in the unit weight testing. 
b. The results of unit weight testing were representative of the trends developed 
for porosity. Additionally, it was seen that all of the other properties examined 
were dependent on porosity, which in turn makes unit weight an effective 
means of determining the properties of a given pervious concrete mixture. 
Recommendations 
The current field of concrete could use the results gathered from this research to 
better understand the influence of paste (content and type) on pervious concrete 
performance. While the relationships gathered from the Control and Superplasticizer 
mixtures were generally to be expected, the greatest focus should be placed on the 
opposing trends set out by the 20% Fly Ash with Superplasticizer mixture. Most 
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importantly, it should be noted the flow of the paste highly influences how the pervious 
concrete will perform with increasing cement-to-aggregate ratio. In terms of the 20% Fly 
Ash with Superplasticizer, the mixture viscosity was so low that the mixture was unable 
to develop film thickness with increasing cement-to-aggregate ratio, unlike the other 
mixtures which possessed higher viscosity. Additionally, the influential factor of 
aggregate source should also be recognized. Lastly, the correlations between the different 
properties examined should be used when conducting quality control and quality 
assurance testing. Further research related to the results found in this study is 
recommended below: 
1. From the results of research project, it can be seen that the influence of paste flow 
is a major contributor to the performance of pervious concrete. Further research is 
needed to better understand film thickness of pervious concrete as well as an 
examination of the effects of various paste designs on film thickness. 
Additionally, flow values for different paste designs should be gathered and 
limiting values be placed to ensure adequate design. 
2. Aggregate source influence on the performance of pervious concrete is another 
topic that needs further research. In this study, it was seen that the aggregate 
source did influence the performance of the pervious concrete, but similar trends 
were followed independent of aggregate source. Additionally, aggregate gradation 
should be included in this research and its influence should be examined. 
3. Lastly, while the results of this research do aid in understanding pervious concrete 
to a greater depth and should be used to help develop a systematic approach to 
127 
 
pervious concrete mixture design, further limiting values are needed. The 
differential porosity seen during testing is one factor that needs further analysis. 
The objective of this research should be to obtain a limiting range of differential 
porosity that is acceptable for pervious concrete design. Another limiting factor to 
use in design could be mass loss during abrasion resistance testing. Initially, a 
correlation between lab and field performance of pervious concrete must be made 
followed by developing an acceptable range for mass loss. Limiting the 
















Appendix A: Cement Paste Raw Data 




Position 1 Position 2 Position 3 Position 4
Avg. Flow 
[mm]
0.250 177 180 179 183 180
0.275 201 200 203 203 202
0.300 219 222 217 217 219
0.325 240 244 239 240 241
0.350 255 255 255 255 255
0.225 215 212 211 211 212
0.250 233 232 233 232 233
0.275 255 255 255 255 255
0.300 255 255 255 255 255
0.325 255 255 255 255 255
0.350 255 255 255 255 255
0.250 - - - - -
0.275 207 206 208 210 208
0.300 227 228 228 226 227
0.325 236 232 233 239 235
0.350 245 255 255 255 253
0.250 207 209 207 206 207
0.275 228 223 222 227 225
0.300 255 255 255 255 255
0.325 255 255 255 255 255
0.350 255 255 255 255 255
0.250 - - - - -
0.275 196 202 203 195 199
0.300 225 223 224 222 224
0.325 231 235 240 237 236
0.350 239 243 244 250 244
0.250 - - - - -
0.275 244 242 239 235 240
0.300 255 255 255 255 255
0.325 255 255 255 255 255

































































Table A2: Influence of Water-to-Cement Ratio on Paste Compressive Strength and 






























1 8332 33330 3.9992 1088
2 9015 36060 4.5305 1232
3 10110 40440 4.3109 1172
1 10722 42890 3.1414 854
2 11620 46480 2.9469 801
3 11070 44280 3.0223 822
1 13000 52000 2.4898 677
2 13282 53130 2.7750 755
3 14157 56630 1.6852 458
1 12139 48550 2.3359 635
2 11900 47600 2.4680 671
3 12122 48490 2.4594 669
1 11590 46360 1.3492 367
2 11448 45790 1.3133 357
3 9741 38960 1.3781 375
1 10181 40730 4.9398 1343
2 9409 37640 3.4859 948
3 9498 37990 4.3320 1178
1 9321 37280 5.1484 1400
2 8834 35340 4.4414 1208
3 9285 37140 3.5352 961
1 8437 33750 3.7484 1019
2 8732 34930 4.0219 1094
3 8909 35636 2.4516 667
1 8005 32020 4.1523 1129
2 7939 31760 3.6359 989
3 8154 32610 - -
1 6135 24540 3.9023 1061
2 7355 29420 2.9953 815
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Table A3: Influence of Water-to-Cement Ratio on Paste Compressive Strength and 




























1 - - - -
2 - - - -
3 - - - -
1 8405 33620 2.5875 704
2 8480 33920 3.4313 933
3 8014 32050 3.9898 1085
1 7596 30380 2.7578 750
2 8332 33330 2.7594 750
3 8063 32250 1.9781 538
1 7707 30830 3.1719 863
2 6553 26210 3.1234 849
3 8012 32048 2.2797 620
1 8240 32960 3.8914 1058
2 7687 30750 4.1375 1125
3 6232 24928 3.7781 1027
1 34830 8707 5.3672 1460
2 39130 9783 3.9523 1075
3 41070 10266 4.7273 1286
1 34420 8605 4.6328 1260
2 36720 9179 4.3906 1194
3 37610 9403 2.5773 701
1 33660 8415 2.4797 674
2 31840 7959 4.0750 1108
3 28480 7120 2.3242 632
1 33040 8259 3.2961 896
2 29580 7395 2.6195 712
3 31580 7896 2.2609 615
1 27360 6840 2.8633 779
2 30160 7540 2.7398 745










































Table A4: Influence of Water-to-Cement Ratio on Paste Compressive Strength and 



























1 - - - -
2 - - - -
3 - - - -
1 8376 33500 3.4078 927
2 8373 33490 3.9867 1084
3 8812 35250 2.8727 781
1 8212 32850 2.7211 740
2 8734 34940 3.1758 864
3 8063 32250 2.1602 587
1 7151 28600 4.3930 1195
2 7621 30480 4.1563 1130
3 6813 27250 2.4148 657
1 6977 27910 4.4875 1220
2 6793 27170 3.6789 1000
3 6406 25620 4.2633 1159
1 - - - -
2 - - - -
3 - - - -
1 37030 9256 3.4313 933
2 30550 7637 4.3852 1193
3 34550 8637 2.7859 758
1 32330 8083 4.3625 1186
2 35760 8940 4.4328 1205
3 33470 8369 2.5289 688
1 27230 6808 2.9258 796
2 29150 7288 3.6398 990
3 33790 8448 1.7226 468
1 31000 7749 2.4688 671
2 31700 7926 1.8625 506




























0.250 n/a n/a n/a n/a
0.275 8520 253 931 152
0.350 6725 291 1127 114
0.300 8336 352 730 138
0.325 7195 406 994 294
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Appendix B: Pervious Concrete Mixture Raw Data 

























1 5.96 6.01 4741.2 2750.1 2908.9 33.4
2 5.95 6.05 4767.8 2754.4 2923.9 33.1
3 5.95 6.07 4780.4 2771.0 2939.6 33.6
4 5.97 6.10 4815.6 2796.4 2964.1 33.8
5 5.98 6.03 4746.2 2769.1 2915.1 33.9
6 5.94 6.10 4817.8 2770.1 2955.0 32.8
1 5.96 6.05 4911.8 2767.2 2995.1 30.7
2 5.96 5.96 4738.0 2724.3 2890.0 32.2
3 5.96 5.92 4767.7 2709.7 2910.9 31.5
4 5.97 5.97 4701.2 2736.0 2876.0 33.3
5 5.96 5.94 4723.2 2712.1 2895.8 32.6
6 5.95 5.98 4746.8 2725.6 2901.9 32.3
1 5.96 6.03 4952.8 2755.8 3027.2 30.1
2 5.95 6.04 5055.8 2753.5 3085.8 28.5
3 5.96 6.03 4990.8 2759.9 3046.2 29.5
4 5.97 5.87 5008.9 2689.9 3060.7 27.6
5 5.95 6.13 5036.9 2791.8 3072.8 29.6
6 5.96 6.00 4982.4 2743.0 3043.8 29.3
1 5.99 6.06 5113.5 2801.2 3109.1 28.4
2 5.94 6.05 5124.4 2750.4 3120.8 27.2
3 5.97 6.12 5110.1 2800.7 3121.2 29.0
4 5.97 6.05 5063.6 2774.5 3090.4 28.9
5 5.98 6.02 5096.7 2767.6 3114.9 28.4


















































1 5.98 5.99 4677.7 2758.9 2864.5 34.3
2 5.97 5.95 4663.1 2731.3 2852.1 33.7
3 5.97 5.92 4607.9 2715.2 2820.2 34.2
4 5.96 5.92 4638.0 2705.7 2838.9 33.5
5 5.95 5.97 4645.6 2722.5 2841.9 33.7
6 5.95 5.97 4617.0 2721.8 2832.4 34.4
1 5.98 5.96 4823.9 2738.7 2967.4 32.2
2 5.95 6.00 4872.0 2734.1 2991.2 31.2
3 5.97 6.00 4864.8 2750.5 2980.4 31.5
4 5.97 5.97 4858.9 2734.7 2979.7 31.3
5 5.96 5.97 4833.3 2730.0 2963.5 31.5
6 5.96 6.03 4888.7 2756.7 2993.8 31.3
1 5.95 6.00 4882.1 2734.2 2984.8 30.6
2 5.96 6.08 4950.5 2779.4 3028.2 30.8
3 5.95 6.05 4911.5 2755.9 3009.9 31.0
4 5.96 6.01 4960.3 2742.3 3028.8 29.6
5 5.96 5.96 4876.6 2725.2 2983.4 30.5
6 5.94 6.04 4857.7 2738.7 2973.0 31.2
1 5.97 5.97 4973.4 2737.6 3032.7 29.1
2 5.95 5.99 4971.9 2722.7 3040.0 29.0
3 5.95 5.98 4960.8 2722.7 3033.3 29.2
4 5.96 6.00 4990.2 2742.3 3048.5 29.2
5 5.96 5.98 4958.9 2728.8 3035.3 29.5


































Table B3: Porosity Data for 20% Fly Ash with Superplasticizer Mixture                     


























1 5.97 6.04 4853.6 2775.2 2959.2 31.7
2 5.94 6.05 4827.3 2744.4 2949.6 31.6
3 5.96 6.00 4800.3 2744.4 2925.9 31.7
4 5.95 5.96 4748.6 2717.1 2894.3 31.8
5 5.95 6.17 4855.6 2811.4 2963.9 32.7
6 5.97 6.04 4757.0 2769.0 2905.0 33.1
1 5.95 5.97 4778.8 2719.5 2900.9 30.9
2 5.94 5.94 4804.2 2702.5 2919.6 30.3
3 5.95 6.04 4790.0 2757.0 2914.3 32.0
4 5.94 6.03 4851.1 2734.9 2944.1 30.3
5 5.96 5.96 4792.5 2719.1 2912.9 30.9
6 5.96 6.02 4792.5 2754.8 2910.0 31.7
1 5.98 6.00 4703.0 2765.2 2870.7 33.7
2 5.97 6.01 4688.2 2752.7 2865.9 33.8
3 5.94 6.00 4747.6 2728.7 2895.5 32.1
4 5.95 6.08 4678.4 2770.7 2864.0 34.5
5 5.97 5.95 4749.6 2735.2 2896.3 32.2
6 5.97 5.98 4734.7 2747.9 2890.4 32.9
1 5.95 5.91 4690.2 2695.0 2854.7 31.9
2 5.96 5.93 4634.3 2711.2 2829.4 33.4
3 5.96 5.94 4709.2 2712.6 2871.4 32.2
4 5.94 6.00 4674.2 2726.1 2858.3 33.4
5 5.96 5.91 4721.7 2698.2 2881.3 31.8




































































1 5.94 6.04 4518.3 2745.4 2737.7 35.1
2 5.96 5.92 4463.6 2702.5 2700.2 34.7
3 5.95 5.97 4569.0 2724.4 2766.4 33.8
4 5.95 6.02 4480.8 2739.9 2721.6 35.8
5 5.96 6.01 4529.5 2748.1 2748.4 35.2
6 5.97 5.98 4456.2 2741.0 2705.2 36.1
1 5.94 5.95 4491.6 2700.8 2714.8 34.2
2 5.96 5.93 4554.6 2711.4 2760.2 33.8
3 5.98 5.97 4661.8 2744.7 2815.3 32.7
4 5.96 5.96 4547.0 2722.0 2759.4 34.3
5 5.95 6.00 4658.1 2735.7 2821.2 32.9
6 5.96 5.95 4570.8 2723.4 2777.8 34.2
1 5.95 5.94 4694.4 2709.4 2842.3 31.6
2 5.95 6.00 4678.5 2734.4 2832.0 32.5
3 5.96 5.99 4672.2 2738.4 2822.5 32.5
4 5.96 5.98 4650.1 2733.0 2811.9 32.7
5 5.96 5.92 4526.7 2708.5 2747.3 34.3
6 5.95 5.91 4559.2 2697.1 2769.5 33.6
1 5.96 5.93 4833.5 2713.2 2920.5 29.5
2 5.96 5.94 4752.2 2713.2 2883.6 31.1
3 5.98 5.93 4699.9 2728.6 2844.5 32.0
4 5.95 5.95 4707.3 2709.3 2848.2 31.4
5 5.94 5.95 4547.5 2705.7 2769.2 34.3















































1 5.95 5.96 4520.3 2715.3 2752.5 34.9
2 5.95 6.00 4500.7 2732.1 2745.4 35.8
3 5.94 5.94 4383.2 2691.5 2675.2 36.5
4 5.96 5.94 4505.6 2712.4 2750.4 35.3
5 5.94 5.91 4537.4 2687.7 2771.8 34.3
6 5.93 5.96 4525.4 2693.4 2766.6 34.7
1 5.96 5.89 4486.2 2688.7 2733.2 34.8
2 5.97 5.90 4520.8 2703.6 2747.6 34.4
3 5.94 5.92 4529.5 2692.8 2754.7 34.1
4 5.95 5.97 4557.6 2723.5 2777.4 34.6
5 5.95 5.90 4570.3 2684.9 2789.3 33.7
6 5.95 5.88 4474.0 2674.3 2725.4 34.6
1 5.91 5.97 4629.5 2686.0 2806.5 32.1
2 5.95 5.97 4643.1 2722.9 2819.5 33.0
3 5.95 5.97 4690.1 2722.2 2841.7 32.1
4 5.96 5.92 4529.0 2706.6 2760.8 34.7
5 5.94 5.91 4560.4 2680.5 2772.8 33.3
6 5.95 5.95 4729.3 2709.3 2864.6 31.2
1 5.95 5.97 4746.0 2719.5 2872.1 31.1
2 5.95 5.93 4706.0 2698.9 2846.2 31.1
3 5.96 5.91 4747.8 2702.5 2860.5 30.2
4 5.94 6.00 4853.7 2722.8 2932.4 29.4
5 5.95 5.89 4694.0 2687.5 2841.4 31.1


























Table B6: Porosity Data for 20% Fly Ash with Superplasticizer Mixture                     


























1 5.95 5.94 4501.1 2703.3 2727.9 34.4
2 5.95 5.90 4393.0 2691.0 2668.0 35.9
3 5.95 5.93 4366.9 2700.4 2648.0 36.3
4 5.95 5.93 4529.6 2699.2 2737.0 33.6
5 5.95 6.00 4562.4 2733.5 2763.9 34.2
6 5.95 5.91 4436.6 2695.9 2687.4 35.1
1 5.96 5.91 4535.0 2700.0 2735.5 33.4
2 5.95 6.01 4600.3 2740.5 2779.6 33.6
3 5.96 5.92 4586.0 2702.1 2763.7 32.6
4 5.94 5.97 4610.6 2716.9 2786.3 32.9
5 5.94 6.00 4593.3 2727.8 2776.7 33.4
6 5.95 5.92 4580.9 2695.6 2763.1 32.6
1 5.95 5.94 4433.1 2704.4 2697.4 35.8
2 5.94 5.90 4447.9 2678.8 2702.5 34.8
3 5.96 5.90 4421.1 2691.9 2689.1 35.7
4 5.96 5.91 4388.4 2703.6 2672.2 36.5
5 5.97 5.94 4438.2 2725.2 2700.3 36.2
6 5.95 5.86 4391.0 2672.7 2666.7 35.5
1 5.95 5.98 4615.5 2723.7 2805.6 33.6
2 5.96 5.89 4549.0 2692.7 2755.2 33.4
3 5.94 5.93 4547.0 2692.3 2761.4 33.7
4 5.96 5.88 4476.5 2686.3 2715.4 34.4
5 5.97 5.88 4482.7 2696.2 2721.9 34.7






























































1 5.95 5.99 5019.3 2728.2 3172.7 32.3
2 5.96 5.90 4905.2 2694.2 3105.2 33.2
3 5.97 5.91 5056.5 2706.6 3190.5 31.1
4 5.95 5.90 4975.4 2692.7 3142.5 31.9
5 5.94 5.90 4876.4 2679.6 3087.2 33.2
6 5.95 5.90 4866.2 2689.3 3082.5 33.7
1 5.95 5.94 5051.4 2705.3 3189.4 31.2
2 5.95 5.94 5096.6 2705.4 3212.1 30.3
3 5.95 5.91 4988.6 2696.6 3151.5 31.9
4 5.97 5.92 5137.4 2712.2 3228.9 29.6
5 5.96 5.92 5045.2 2705.5 3177.7 31.0
6 5.97 5.92 5019.0 2713.9 3163.3 31.6
1 5.96 5.91 5091.7 2703.8 3200.4 30.1
2 5.96 5.95 5200.9 2721.6 3260.2 28.7
3 5.95 5.96 5119.7 2715.3 3223.9 30.2
4 5.95 5.98 5127.1 2720.5 3226.5 30.1
5 5.96 5.94 5073.8 2713.9 3197.0 30.8
6 5.97 6.00 5193.4 2749.2 3257.6 29.6
1 5.96 5.92 5236.7 2708.2 3281.3 27.8
2 5.96 5.90 5203.0 2699.4 3259.1 28.0
3 5.94 5.92 5128.8 2691.3 3213.6 28.8
4 5.94 5.89 5163.4 2675.3 3234.8 27.9
5 5.95 5.89 5208.9 2683.9 3261.7 27.4















































1 5.93 5.91 4974.7 2674.8 3149.2 31.8
2 5.95 5.90 4925.7 2690.7 3127.8 33.2
3 5.96 5.96 4924.2 2729.5 3126.5 34.1
4 5.94 5.93 4943.2 2690.7 3138.9 32.9
5 5.95 5.94 4899.5 2709.0 3115.8 34.2
6 5.94 5.89 4937.7 2675.9 3130.2 32.5
1 5.96 5.92 5103.2 2706.4 3230.2 30.8
2 5.95 5.97 5185.5 2717.7 3272.7 29.6
3 5.96 5.90 5204.6 2699.9 3277.5 28.6
4 5.96 5.87 5002.7 2681.6 3162.9 31.4
5 5.94 5.93 5015.5 2695.4 3173.2 31.6
6 5.94 5.98 5129.1 2719.7 3236.1 30.4
1 5.97 5.93 5211.3 2716.7 3276.7 28.8
2 5.97 5.93 5137.8 2716.6 3237.3 30.0
3 5.93 5.93 5243.5 2688.7 3302.2 27.8
4 5.95 5.97 5248.2 2722.0 3311.1 28.8
5 5.93 5.96 5188.5 2696.3 3268.6 28.8
6 5.94 5.95 5206.9 2704.8 3284.7 28.9
1 5.94 5.91 5227.4 2686.5 3301.0 28.3
2 5.94 5.91 5391.8 2688.4 3392.7 25.6
3 5.96 5.89 5384.0 2694.9 3386.3 25.9
4 5.96 5.90 5236.6 2699.7 3305.7 28.5
5 5.96 5.88 5225.4 2688.1 3296.5 28.2


























Table B9: Porosity Data for 20% Fly Ash with Superplasticizer Mixture                     


























1 5.95 5.92 4946.7 2698.0 3117.7 32.2
2 5.95 5.94 4991.5 2707.5 3157.1 32.2
3 5.93 5.93 5045.4 2680.1 3169.5 30.0
4 5.96 5.91 4997.1 2699.8 3155.5 31.8
5 5.95 5.93 4996.2 2699.8 3145.5 31.5
6 5.93 5.95 5007.9 2688.8 3158.0 31.2
1 5.96 5.92 5097.3 2706.8 3211.7 30.3
2 5.96 5.92 5003.5 2705.6 3159.9 31.9
3 5.96 5.91 5121.1 2701.8 3219.3 29.6
4 5.96 5.88 5007.2 2684.8 3157.9 31.1
5 5.97 5.92 5200.2 2714.9 3256.8 28.4
6* 5.96 5.38 4694.5 2455.5 2958.6 29.3
1 5.95 5.88 4984.3 2680.6 3126.0 30.7
2 5.94 5.90 5021.2 2677.5 3156.9 30.4
3 5.95 5.87 4965.7 2678.8 3126.5 31.3
4 5.94 5.91 4974.2 2682.6 3137.1 31.5
5 5.94 5.95 5087.4 2698.6 3200.8 30.1
6 5.93 5.92 4875.5 2683.6 3071.3 32.8
1 5.95 5.87 5037.9 2673.9 3155.7 29.6
2 5.96 5.89 4923.6 2689.3 3097.1 32.1
3 5.95 5.93 4988.0 2699.9 3133.6 31.3
4 5.93 5.93 4855.3 2680.6 3064.5 33.2
5 5.94 5.96 5045.3 2705.7 3168.6 30.6
6 5.96 5.85 4876.0 2674.2 3079.6 32.8
Note:






















































































































































































Table B12: Permeability Data for 20% Fly Ash with Superplasticizer Mixture            







































































































































































































































Table B15: Permeability Data for 20% Fly Ash with Superplasticizer Mixture           































































































































































































































Table B18: Permeability Data for 20% Fly Ash with Superplasticizer Mixture           












































































































3 2.97 5.59 38.8 3884 559
5 2.98 5.68 39.8 5864 839
6 2.98 5.60 39.2 4797 686
3 2.98 5.56 38.7 5527 793
5 2.99 5.58 39.1 5374 767
6 2.98 5.59 39.0 5942 852
1 2.98 5.72 40.0 7431 1063
3 2.98 5.71 39.8 5206 746
4 2.98 5.70 39.8 5317 763
1 2.98 5.65 39.4 6626 949
3 2.98 5.65 39.4 6887 985
4 2.98 5.65 39.5 9014 1289
2 2.98 5.65 39.4 3954 567
5 2.98 5.76 39.6 4431 636
6 2.98 5.70 39.7 5130 737
3 2.97 5.70 39.5 8564 1234
4 2.97 5.68 39.4 7354 1059
5 2.98 5.60 38.7 5945 854
2 3.00 5.62 39.9 8288 1170
4 2.98 5.58 39.0 7550 1081
6 2.99 5.60 39.3 6997 997
2 2.98 5.71 39.9 9130 1307
3 2.98 5.65 39.5 8668 1243
4 2.98 5.66 39.5 8801 1264
1 2.98 5.61 39.2 6098 873
2 2.99 5.69 39.8 7131 1019
6 2.98 5.68 39.6 7502 1076
1 2.99 5.60 39.2 9208 1315
2 2.99 5.60 39.2 7213 1029
6 2.98 5.58 38.8 7082 1017
1 2.98 5.57 38.9 6311 903
2 2.98 5.59 38.9 4963 713
3 2.98 5.58 38.9 6587 945
1 2.98 5.57 39.0 5439 778
2 2.98 5.57 39.0 6392 914



































































































1 2.98 5.52 38.4 3859 553
2 2.99 5.50 38.5 4471 639
4 2.99 5.57 39.0 4302 614
2 2.98 5.48 38.2 5620 805
4 2.98 5.37 37.5 4232 607
5 2.98 5.47 38.3 5808 830
2 2.98 5.54 38.6 4487 644
3 2.98 5.55 38.8 6072 868
6 2.98 5.54 38.7 4257 610
1 2.98 5.44 38.1 7004 1001
3 2.98 5.47 38.1 6726 964
5 2.98 5.47 38.2 3786 542
1 2.98 5.41 37.7 4471 642
3 2.98 5.40 37.5 3674 528
5 2.99 5.42 38.0 4617 660
2 2.98 5.55 38.8 4770 682
3 2.98 5.52 38.6 5470 783
6 2.98 5.56 38.9 3735 535
1 2.98 5.48 38.3 5297 758
4 2.99 5.48 38.4 5003 715
6 2.98 5.49 38.3 5499 788
2 2.98 5.45 38.1 5526 791
4 2.99 5.45 38.2 7990 1141
5 2.98 5.50 38.4 7981 1145
2 2.98 5.57 38.9 4889 700
4 2.98 5.57 38.8 5601 803
6 2.98 5.56 38.8 4872 697
2 2.98 5.57 38.7 6554 941
3 2.98 5.57 38.9 5616 804
4 2.98 5.57 38.9 6955 996
2 2.98 5.51 38.6 5041 721
3 2.98 5.55 38.8 4278 612
4 2.98 5.53 38.5 4273 613
1 2.98 5.55 38.7 5124 734
3 2.98 5.55 38.8 5188 743
































































































1 2.98 5.66 39.5 6080 871
4 2.99 5.67 39.7 5524 789
6 2.98 5.66 39.5 4578 656
1 2.98 5.56 38.8 6768 969
3 2.98 5.56 38.8 5292 759
4 2.98 5.56 38.8 7910 1133
2 2.98 5.58 39.0 8677 1243
3 2.98 5.58 39.0 7749 1108
5 2.98 5.45 37.9 6818 978
1 2.99 5.56 39.0 8589 1226
3 2.98 5.55 38.7 8827 1266
5 2.98 5.52 38.5 8024 1151
1 2.98 5.56 38.9 6782 970
2 2.98 5.55 38.8 6126 878
5 2.98 5.56 38.8 3944 565
1 2.98 5.58 39.0 7167 1025
3 2.98 5.59 38.9 9784 1402
5 2.98 5.58 38.9 5545 795
2 2.98 5.59 39.0 6600 945
3 2.98 5.57 38.9 9623 1379
5 2.98 5.58 38.9 9104 1304
1 2.98 5.56 38.8 9562 1368
3 2.98 5.57 38.7 9506 1365
6 2.98 5.55 38.7 10586 1522
4 2.98 5.56 38.7 7634 1095
5 2.98 5.55 38.7 8025 1151
6 2.98 5.57 38.9 7348 1054
2 2.98 5.53 38.5 6714 963
3 2.98 5.54 38.6 8458 1212
5 2.98 5.53 38.6 8360 1198
1 2.98 5.53 38.6 7563 1085
3 2.98 5.53 38.6 7100 1017
4 2.98 5.52 38.5 7868 1127
1 2.98 5.56 38.7 8880 1274
2 2.98 5.56 38.7 7389 1060














































































0 50 100 150 200 250 300 350 400 450 500
1 4952 4518 4162 3766 3309 1952* 1553 1439 1323 1235 1165 68.6
2 4972 4519 4045 3656 3278 2941 2584 2273 1993 1766 1615 48.0
4 5008 4580 4118 3783 3262 2918 2315 2147 2010 1866 1704 53.8
1 5178 4784 4481 4221 3935 3545 3234 2852 2375 2168 2020 37.5
2 4988 4647 4325 3967 3568 3266 2937 2611 2237 1997 1865 41.1
4 4930 4493 4128 3691 3342 3015 2657 2354 2139 1937 1754 46.1
2 5319 4986 4699 4459 4185 3987 3774 3514 3285 3073 2868 29.0
5 5301 4958 4645 4395 4081 3843 3565 3288 3052 2772 2474 32.7
6 5237 4951 4683 4412 4069 3864 3549 3255 2963 2779 2594 32.2
2 5397 5156 4885 4653 4330 4098 3895 3599 3018 2767 2551 27.8
5 5366 5036 4791 4549 4307 4084 3841 3547 3192 2936 2758 28.4
6 5287 5008 4737 4487 4298 4012 3784 3435 3178 2909 2693 28.4
1 4877 4441 4065 3791 3505 3145 2846 2626 2407 2191 1911 41.6
3 4792 4354 3950 3594 3255 2930 2592 2278 2044 1855 1690 45.9
4 4818 4369 3986 3618 3312 2944 2615 2339 2151 1972 1808 45.7
1 5040 4690 4369 4049 3784 3491 3231 2950 2744 2556 2391 35.9
2 5087 4740 4425 4159 3836 3556 3350 3114 2842 2618 2429 34.1
6 5098 4764 4467 4193 3923 3647 3395 3113 2895 2683 2453 33.4
1 5126 4747 4525 4241 4009 3788 3513 3276 3035 2727 2565 31.5
3 5137 4833 4577 4297 4054 3796 3538 3338 3079 2881 2705 31.1
5 5089 4905 4614 4412 4205 3925 3665 3390 3150 2948 2780 28.0
1 5246 4943 4761 4535 4284 4110 3916 3736 3563 3389 3187 25.4
5 5221 4915 4732 4520 4329 4125 3896 3695 3473 3316 3147 25.4
6 5305 5128 4944 4757 4558 4400 4220 4030 3844 3691 3526 20.5
3 4997 4613 4345 4101 3878 3642 3386 3156 2921 2708 2552 32.2
4 4944 4534 4247 3880 3614 3340 3048 2807 2619 2419 2241 38.3
5 5051 4715 4388 4099 3836 3589 3297 3023 2764 2566 2384 34.7
3 4981 4733 4582** 4460** 4348** 4260** 4193** 3982 3751 3555 3341 15.8
4 5045 4809 4547 4321 4103 3900 3691 3511 3340 3167 3005 26.8
5 4977 4739 4498 4280 4078 3880 3647 3444 3269 3104 2949 26.7
4 4913 4436 3915 3532 3147 2832 2531 2292 2103 1953 1853 48.5
5 5005 4633 4334 4041 3781 3502 3219 3006 2750 2550 2366 35.7
6 4975 4610 4263 3935 3619 3280 3001 2742 2505 2314 2135 39.7
4 4903 4579 4218 3955 3623 3261 2941 2752 2570 2344 2194 40.0
5 4949 4585 4324 4079 3750 3477 3209 3014 2829 2661 2515 35.2
6 4958 4602 4296 3969 3667 3410 3183 2964 2753 2590 2403 35.8
Notes:
Number of Revolutions











* Samples that contained an an obviosu section of break-off upon the conclusion of its 50 revolution cycle. Only the larger of the two pieces was 
weighed for use in the analysis
** Samples were subjected to a number of revolutions that varied from the typical 50 cycles. This was due to a malfunction in the counter. Samples 

























































































0 50 100 150 200 250 300 350 400 450 500
3 4794 4053 3506 3088 2678 2364 2111 1872 1690 1572 1445 56.0
5 4744 4129 3575 3045 2503 2239 1936 1727 1616 1505 1415 59.2
6 4668 3962 3431 2954 2481 2107 1814 1594 1382 1236 1117 61.1
1 4737 4093 3644 3063 2513 2259 1951 1577 1407 1257 1174 58.8
3 4904 4520 3976 3591 3228 2559 2298 1997 1228 1689 1569 53.1
6 4787 4266 3702 3174 2654 2376 2135 1854 1703 1587 1462 55.4
1 4930 4449 4097 3708 3388 2265* 2083 1935 1827 1737 1597 57.8
4 4897 4392 3989 3507 3149 2798 2450 2204 1990 1790 1669 50.0
5 4764 4313 3904 3409 2099* 1809 1641 1538 1425 1350 1286 65.6
2 5033 4542 4131 3772 3419 3046 2415* 2107 1951 1637 1518 52.0
4 4978 4532 4154 3807 3451 3142 2374* 2043 1930 1829 1728 52.3
6 4845 4229 3709 3295 2946 2605 2361 2177 1977 1790 1641 51.3
2 4682 4087 3480 3018 2427 1945 1697 1481 1300 1149 1035 63.8
4 4684 4167 3732 3256 2874 2506 2287 2082 1876 1717 1537 51.2
6 4699 3972 3316 2857 2450 2169 1986 1763 1633 1475 1336 57.7
1 4671 4162 3682 3243 2796 2506 2270 2030 1846 1734 1625 51.4
4 4747 4117 3639 3213 2885 2607 2328 2089 1904 1669 1518 51.0
5 4756 4286 3816 2274 3007 2629 2389 2097 1913 1805 1699 49.8
2 4856 4448 4100 3759 3446 3174 2941 2665 2371 2214 2009 39.4
3 4905 4408 4070 3817 3554 3224 2946 2744 2529 2355 2180 39.9
5 4771 4325 3941 3534 3172 2901 2663 2378 2203 2034 1898 44.2
1 4974 4679 4388 4132 3900 3582 3336 3097 2865 1839* 1714 32.9
3 4976 4679 4407 4105 3835 3488 3236 2983 2808 2622 2478 35.0
6 4977 4643 4348 4065 3825 3563 3251 3041 2798 2643 2386 34.7
1 4712 4252 3836 3416 3020 2640 2345 2049 1859 1721 1565 50.2
3 4573 3865 3239 2717 2322 1958 1755 1528 1391 1284 1205 61.6
5 4775 4346 3888 3505 3148 2785 2515 2319 2114 1974 1860 47.3
1 4762 4377 4050 3752 3461 3180 2909 2708 2532 2380 2258 38.9
5 4820 4374 4028 3651 3294 3000 2766 2573 2400 2171 2058 42.6
6 4804 4440 4147 3816 3523 3194 2884 2717 2561 2353 2200 40.0
1 4646 3884 3233 2760 2381 2112 1924 1761 1593 1450 1327 58.6
5 4649 3844 3194 2594 2172 1841 1614 1446 1287 1157 1071 65.3
6 4601 3981 3380 2865 2362 2094 1891 1710 1569 1415 1297 58.9
2 4774 4349 3984 3570 3255 2960 2700 2448 2217 1659 1467 43.4
4 4678 4179 3697 3356 2971 2707 2411 2173 1960 1832 1696 48.5













Mass of Specimen after Specified Number of Revolutions [g]
* Samples that contained an an obviosu section of break-off upon the conclusion of its 50 revolution cycle. Only the larger of the two pieces was 
weighed for use in the analysis
** Samples were subjected to a number of revolutions that varied from the typical 50 cycles. This was due to a malfunction in the counter. Samples 



















































































Table B24: Abrasion Resistance Data for Mixtures using Aggregate C 
 
 
0 50 100 150 200 250 300 350 400 450 500
2 5146 4667 4235 3862 3430 2975 2699 2378 2105 1974 1834 47.6
3 5291 4867 4303 3942 3474 3145 2895 2607 2403 2193 2045 45.3
5 5085 4540 4021 3607 3022 2686 2401 2170 1973 1829 1666 52.8
2 5367 4972 4734 4427 4076 3784 3408 3051 2800 2610 2364 36.5
5 5290 4832 4483 4178 3825 3504 3133 2858 2647 2477 2349 40.8
6 5252 4892 4509 4118 3800 3403 3070 2811 2552 2362 2226 41.6
1 5346 5052 4697 4381 4051 3768 3351 2869 2514 2288 2197 37.3
4 5377 5030 4666 4302 4016 3663 3326 2521 2390 2314 2165 38.1
6 5443 5137 4767 4351 4050 3762 3389 2854 2702 2478 2043 37.7
2 5488 5074 4804 4525 4291 3981 3754 3517 3332 3138 2890 31.6
4 5437 3148 4859 4592 4311 3997 3749 3490 3244 3049 2827 31.0
6 5470 5168 4788 4426 4157 3781 3555 3287 3094 2924 2784 35.0
3 5118 4629 4271 3878 3460 3109 2782 2526 2297 2115 1952 45.6
4 5133 4713 4314 3906 3514 3191 2955 2658 2432 2238 2073 42.4
6 5121 4672 4240 3878 3550 3277 2998 2793 2541 2343 2185 41.4
2 5413 5115 4830 4604 4359 4139 3871 3636 3430 3207 2984 28.5
4 5220 4896 4616 4314 4115 3871 3652 3413 3125 2884 2641 30.0
6 5339 4991 4651 4399 4022 3771 3519 3308 3089 2907 2720 34.1
1 5437 5109 4867 4635 4412 4174 3961 3749 3547 3342 3159 27.1
4 5474 5160 4911 4689 4485 4271 4037 3776 3580 3411 3221 26.3
6 5431 3125 4814 4499 4210 3983 3716 3480 3279 3109 2973 31.6
2 5638 5390 5171 4929 4767 4602 4414 4212 4070 3905 3772 21.7
4 5453 5154 4918 4638 4464 4275 4106 3897 3664 33499 3314 24.7
5 5447 5191 4914 4649 4410 4191 3974 3729 3573 3369 3051 27.0
1 5163 4783 4397 4095 3834 3528 3285 3039 2787 2628 2441 36.4
2 5210 4772 4374 4093 3790 3412 3099 2894 2612 2418 2250 40.5
3 5279 4953 4653 4325 4008 3768 3535 2996 2817 2642 2481 33.0
1 5321 5052 4780 4514 4274 4058 3796 3554 3386 3226 3060 28.7
4 5226 4928 4638 4354 4170 3962 3747 3494 3236 3080 2890 28.3
6 4890 4599 4351 4099 3800 3512 3265 2984 2834 2603 2462 33.2
2 5240 4741 4441 4108 3856 3569 3337 3056 2822 2571 2409 36.3
5 5298 4855 4556 4243 3945 3707 3461 3215 3026 2816 2661 34.7
6 5077 4611 4220 3827 3486 3104 2793 2539 2329 2157 2028 45.0
3 5237 4801 4424 4083 3772 3511 3250 3058 2880 2731 2559 37.9
5 5281 4885 4538 4235 4015 3738 3470 3268 3007 2792 2654 34.3
6 5095 4519 4065 3670 3370 3091 2848 2595 2390 2251 2135 44.1
Notes:
* Samples that contained an an obviosu section of break-off upon the conclusion of its 50 revolution cycle. Only the larger of the two pieces was 
weighed for use in the analysis
** Samples were subjected to a number of revolutions that varied from the typical 50 cycles. This was due to a malfunction in the counter. Samples 
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